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ABSTRACT
EFFECTS OF SEX AND SOCIAL STATUS ON NEUROMUSCULAR
DIFFERENTIATION IN THE EUSOCIAL NAKED MOLE-RAT
(HETEROCEPHALUS GLABER)
September 2009
MARIANNE L. SENEY, B.A., COLLEGE OF THE HOLY CROSS
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Nancy G. Forger
Naked mole-rats live in large colonies and exhibit a strict reproductive
hierarchy. Each colony has 1 breeding female and 1-3 breeding males; all other
individuals are non-reproductive subordinates. Subordinates show a remarkable
lack of sex differences in behavior and anatomy, but can become reproductive if
removed from the colony. The striated perineal muscles and their innervating
motoneurons, which are sexually dimorphic in all other mammals examined, are
not dimorphic in subordinate naked mole-rats. Here I asked whether sexual
differentiation of this neuromuscular system occurs when subordinates become
breeders. Sex differences in perineal motoneurons were not observed,
regardless of social status. To my surprise counts of motoneurons in Onuf’s
nucleus were increased in breeders of both sexes. This was accompanied by a
reciprocal decrease in cells in Onuf’s nucleus that were characterized by small
soma size. The neuronal changes correlate with increased perineal muscle
volumes in breeders. Although not exhibiting typical motoneuron morphology,
some small cells fit a neurochemical or functional definition of a motoneuron. I
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propose that small cells are recruited to the pool of large Onuf’s nucleus
motoneurons when subordinate naked mole-rats become breeders.
I then looked at naked mole-rats of varying status (subordinates, paired
animals that have never reproduced, intact breeders, and gonadectomized
breeders) to determine which cues elicit changes in perineal muscles and small
cells in Onuf’s nucleus. I found that pairing is sufficient to cause decreases in the
population of small cells in Onuf’s nucleus, while production of litters is necessary
for increasing in perineal muscle size. The gonads were not necessary to
maintain changes in small cells or perineal muscles.
I hypothesized that the lack of sex differences in naked mole-rats might be
related to their unusual social structure. To test this, I compared the genitalia and
perineal muscles in three African mole-rat species: the naked mole-rat, the
solitary silvery mole-rat, and the Damaraland mole-rat, a species considered to
be eusocial, but with less reproductive skew than naked mole-rats. My findings
support a relationship between social structure, mating system, and sexual
differentiation.
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CHAPTER 1
GENERAL INTRODUCTION
Sexual differentiation in mammals
Much of our understanding of mammalian sexual differentiation has come in
the past 60 years. Prior to 1947, theories explaining the mechanisms of sexual
differentiation focused on two symmetrical processes occurring in males and
females, respectively, to organize phenotypic sex. Specifically, Steinach (1913)
proposed that genetic males and females produce different substances, which in
turn act on the primordial gonads. A genetic male would produce a substance
that causes the primordial gonads to develop into testes. Genetic females would
produce a different substance that causes the gonads to develop into ovaries.
Similarly, the embryonic reproductive tract consists of two pairs of gonadal ducts,
the Wolffian ducts and Müllerian ducts (Felix, 1912). Steinach’s theory stated that
the fetal testes and ovaries produce specific substances that promote the
survival of the Wolffian ducts (precursors to male reproductive tract) or Müllerian
ducts (precursors to female reproductive tract), respectively. At the same time,
the ducts inappropriate to the sex would regress, leaving the appropriate
reproductive ducts (Steinach, 1913).
It was not until Alfred Jost’s landmark paper in 1947 that theories of sexual
differentiation abandoned the dual substance hypothesis to focus more on the
testes as the determining factor in sexual differentiation of the genitalia. Jost
surgically removed the genital ridge (the tissue from which testes and ovaries are
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formed) in male and female rabbit fetuses in utero, before the onset of sexual
differentiation. Removing the genital ridge in genetic males caused the fetus to
develop female internal and external genitalia. Removing the genital ridge in
genetic females did not prevent female development (Jost, 1947). This seminal
study pointed directly to the testes as crucial in determining whether a fetus
would develop a male or female body. Importantly, this study also indicated that
the fetal ovary is not required for female development, since the female
phenotype developed in the absence of any gonad.
Additional observations implied that there are two substances emanating from
the fetal testes that promote male reproductive tract development. In Jost’s
castrated fetuses, discussed above, the Müllerian ducts differentiated, while the
Wolffian ducts regressed. When Jost implanted a fetal testis into castrated
fetuses of either sex, the genital tracts were masculinized, i.e. the Wolffian ducts
developed and the Müllerian ducts regressed. Additionally, when Jost implanted
a crystal of testosterone into castrated fetuses, the Wolffian ducts developed, but
the Müllerian ducts did not regress. Jost deduced that the fetal testis must
produce two substances: one that promotes Wolffian duct development (an
androgen) and one that promotes Müllerian duct regression (a Müllerian duct
inhibitor; Jost, 1947).
However, it was not until the late 20th century that researchers began to tackle
the earlier step in sexual differentiation: what makes the undifferentiated gonad
develop into a testis or ovary? In mammals, the presence of a Y chromosome
determines whether a fetus will develop testes or ovaries (Jacobs and Strong,
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1959). So there must be a gene on the Y chromosome that makes the
bipotential fetal gonad develop into a testis. In the 1980s, when molecular
techniques allowed such studies, researchers began to search for this gene on
the Y chromosome, termed the testis-determining gene on the Y (Tdy) in mice
and testis-determining factor (TDF) in humans. First, researchers examined
mutations from sex-reversed XX males and XY females (for example: Vergnaud
et al., 1986). It was apparent that most XX males inherited sequences from the
Y chromosome as a result of terminal exchange between the X and Y
chromosomes during recombination (for example: Petit et al., 1987). These
sequences were all located on a 35kb region on the short arm of the Y
chromosome, immediately adjacent to the pseudoautosomal region. Sinclair and
colleagues (1990) searched this region and identified a novel, conserved gene
which appeared to be the elusive TDF. They named this gene SRY (sexdetermining region Y). Just one year later, Koopman et al. (1991) reasoned that
the best way to test the function of SRY (Sry in mice) would be to introduce the
gene into normal XX mouse embryos to determine whether they developed as
males. They found that transgenically introducing Sry was sufficient to induce
testis development in chromosomally female mice (Koopman et al., 1991). Thus,
SRY on the Y chromosome causes the indifferent gonad to differentiate into
testes. The testes in turn produce androgens and a Müllerian duct inhibitor to
drive differentiation of the internal and external genitalia.
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The organizational hypothesis of sexual differentiation of body and brain
In their landmark paper published in 1959, Phoenix, Goy, Gerall, and
Young proposed that the same androgen stimulus required for masculinization of
the genitalia also masculinized the brain. They injected pregnant guinea pigs
with testosterone propionate (TP) and tested the resulting offspring in adulthood
for male and female sex behavior. Female sex behavior (after injection of
estradiol benzoate followed by progesterone) was permanently suppressed in
genetic females given prenatal TP. Additionally, these females showed enhanced
male sex behavior (after adult TP injections) as compared to normal females.
Phoenix and colleagues concluded that “the data are uniform in demonstrating
that an androgen administered prenatally has an organizing action on the tissues
mediating mating behavior in the sense of producing a responsiveness to
exogenous hormones which differs from that of normal adult females” (Phoenix et
al., 1959). They viewed the “tissues mediating mating behavior” to be the central
nervous system, and “viewed the action of the gonadal hormones on central
nervous system tissue in the developing fetus as analogous to their action on
genital tract tissue, including those tissues constituting the external genitalia.”
Phoenix et al. (1959) also recognized that hormones in adulthood serve to
activate tissues that were organized prenatally. This leads to the concept that
gonadal hormones can act in either an organizational or activational manner.
Following the landmark work by Phoenix, Goy, Gerall, and Young, a
plethora of research studies appeared confirming the organizing effects of
4

androgens on sexual differentiation of behavior. For instance, female rats
exposed to testosterone during development display the same suppression of
female sex behavior in adulthood that Phoenix et al. saw in guinea pigs, except
in this case the sensitive period for androgen action was postnatal. Harris and
Levine (1965) found that treating female rats with TP on postnatal day four
causes a complete loss of adult female sex behavior and concluded: “During the
first few days of life in the male rat the normal mechanism underlying the future
pattern of sexual behavior... is organized by the internal secretion of the
immature testes into those of the normal male” (Harris and Levine, 1965).
Around this same time, evidence accumulated that testosterone also
masculinized neuroendocrine function. In 1961, Barraclough examined female
rats rendered sterile by neonatal testosterone treatment (Barraclough, 1961). He
concluded that “the particular malfunction in adenohypophyseal gonadotropin
secretion is not the inability of this gland to secrete luteinizing hormone but rather
the absence of the ovulatory discharge of luteinizing hormone.” In another
paper from the same year, Barraclough and Gorski (1961) found that the
adenohypophyses (anterior pituitaries) of these female rats functioned normally
when given electrical stimulation. Based on these results, they concluded that
the dysfunction in these rats was caused by the hypothalamus, specifically the
anterior preoptic area (POA), the brain region responsible for regulating
luteinizing hormone (LH) release from the anterior pituitary. Soon after birth,
males are exposed to testosterone, which serves to organize the brain into
controlling a male-like pattern of LH secretion. When not exposed to
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testosterone soon after birth, as is the case for normal females, the anterior POA
is not masculinized and regulates female-like LH release from the anterior
pituitary (Barraclough and Gorski, 1961).
However, it was not until a decade later that actual morphological sex
differences in the nervous system were found. In 1971, Raisman and Field
described what many consider to be the first neuroanatomical sex difference.
They found that male rats had a higher proportion of synapses of nonamygdaloid
origin that contact dendritic shafts of neurons in the POA than did females
(Raisman and Field, 1971). Much more dramatic sexual dimorphisms were
found in the brains of songbirds. Nottebohm and Arnold (1976) found that
several vocal control regions are much larger in volume in male than in female
zebra finch and canary brains. Additionally, there is a sex difference in a region
of the POA (sexually dimorphic region of the POA; SDN-POA) that is visible
when observing brain sections with the naked eye. This region is several times
larger in male than in female rats (Gorski et al., 1978). Work of the last 30 years
has amply demonstrated many morphological sex differences in the nervous
system. Many of these are due to testosterone acting to organize the nervous
system early in development. Recently, though, there has been more
appreciation of direct genetic effects on sexual differentiation of the brain and
behavior (Arnold, 2009).

6

Perineal neuromuscular system
One of the earliest found sex differences in the nervous system was in
motoneurons innervating perineal muscles. In mice and rats, the spinal nucleus
of the bulbocavernosus (SNB) and the dorsolateral nucleus (DLN) of the lumbar
spinal cord innervate striated perineal muscles that attach to the penis, the
bulbocavernosus (BC), levator ani (LA), and ischiocavernosus (IC) muscles
(Schroder, 1980; Figure 1.1). In other species, including humans, these muscles
are innervated by a single cell group known as Onuf’s nucleus (Onuf, 1899; Sato
et al., 1978; Thuroff et al., 1982; Forger et al., 1996a). The striated perineal
muscles and their innervating motoneurons control penile erection and
ejaculation (Sachs, 1982; Hart and Melese-D'Hospital, 1983). In all species
studied, males consistently have more and/or larger perineal motoneurons than
do females, and the target muscles are absent or reduced in size in females
(Breedlove and Arnold, 1980; Forger and Breedlove, 1986; Wagner and
Clemens, 1989; Freeman and Breedlove, 1995; Ulibarri et al., 1995; Forger et al.,
1996a). In mice and rats, these sex differences are due to death of the muscles
and motoneurons in females during perinatal life (Čihák et al., 1970; Nordeen et
al., 1985; Jacob et al., 2005; Jacob et al., 2008).
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Figure 1.1. Motoneurons in the spinal nucleus of the bulbocavernosus (SNB)
are located in the lumbar spinal cord of the rat. SNB motoneurons innervate the
striated bulbocavernosus (BC) and levator ani (LA) perineal muscles, which wrap
around the base of the penis.

Organization of the perineal neuromuscular system
Early work on perineal muscles and motoneurons aimed to determine the
cause of the sex difference in motoneuron number. In their initial paper
describing the sex difference in the SNB, Breedlove and Arnold (1980) showed
that SNB motoneurons accumulate radiolabeled testosterone and
dihydrotestosterone, but not estradiol. They next showed that neonatal treatment
of females with testosterone propionate (TP), but not estradiol benzoate,
masculinized SNB motoneuron number (Breedlove et al., 1982). Additionally,
neonatal treatment of males with the antiandrogen flutamide, a drug that blocks
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androgen receptor activation, feminized motoneuron number (Breedlove and
Arnold, 1983a). In both of these cases, perineal motoneuron and muscle fate
seemed to be linked: treatments that spared motoneurons also spared target
muscles, while treatments that promoted motoneuron loss also resulted in target
muscle loss (Breedlove et al., 1982; Breedlove and Arnold, 1983a). The sex
difference in SNB motoneuron number was not affected by adult hormone
treatment or gonadectomy, but these treatments did alter motoneuron size
(Breedlove and Arnold, 1981). Based on these studies, Breedlove and Arnold
hypothesized that the sexually dimorphic nature of the SNB depends on the
interaction of androgens with their receptors early in development. Specifically,
they believed that androgens during perinatal life masculinize SNB motoneuron
number (an organizational effect), while adult androgens masculinize SNB
motoneuron size (an activational effect). Since normal males are exposed to
more androgens during development than normal females, males retain more
motoneurons and muscle fibers than females.
At first, researchers believed that androgens acted at the motoneurons
themselves to control adult motoneuron number. The original paper, published in
Science, was exciting in part because androgen receptors were found in SNB
motoneurons. But there is a fly in the ointment: SNB motoneurons do not
express androgen receptors during the organizational period (Jordan et al.,
1991). Evidence started to accumulate that androgens were in fact acting at the
muscles during the time of sexual differentiation of the SNB. Fishman and
Breedlove (1988) showed that testosterone propionate spared the BC/LA even
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after neonatal denervation, suggesting that neonatal androgens can spare BC/
LA musculature by acting directly at the muscles. Using androgen
autoradiography, Fishman et al. (1990) found that the BC/LA muscles, but not the
SNB motoneurons, in neonatal male rats accumulated androgens.
Additional evidence for testosterone’s site of action came from work by
Freeman and colleagues using female Tfm rats possessing a mutant androgen
receptor (AR) gene on the X chromosome (Yarbrough et al., 1990; Freeman et
al., 1996). In female carriers of the Tfm mutation, one X chromosome in each
cell contains the wild-type (wt) AR and the other contains the mutant AR (XXTfm).
Due to the normal process of random X-inactivation (Lyon, 1972), some cells will
express the functional AR and others the non-functional, mutant AR. Freeman et
al. (1996) hypothesized that if testosterone was acting directly at the SNB
motoneurons to spare them from cell death during development, then only SNB
motoneurons expressing the wt AR would remain in adulthood. Conversely, if
both wt and mutant AR motoneurons remained in adulthood, then testosterone
must be acting elsewhere to spare SNB motoneurons. When these researchers
examined adult SNB motoneurons after neonatal testosterone treatment, they
found that half the motoneurons present contained wt AR and half contained
mutant AR (Freeman et al., 1996). Thus, wt AR does not make it more likely for
an SNB motoneuron to survive developmental cell death. Since all BC/LA
muscle fibers in these animals contained at least some wt AR (presumably due to
the fact that muscle fibers are multinucleated), Freeman et al. (1996) concluded
that testosterone was acting directly at the BC/LA musculature in order to spare
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SNB motoneuron number during development. A very recent study by Niel and
colleagues (2009), however, cast some doubt on androgen’s site of action during
sexual differentiation of BC/LA size and SNB motoneuron number.
Specifically, Niel and colleagues (2009) wanted to know if testosterone
acted only on androgen receptors in muscle fibers to rescue the SNB system.
Tfm rats were crossed with transgenic rats in which the human AR is driven by a
human skeletal actin (HSA) promoter. Resulting male HSA-AR/Tfm rats have the
non-functional AR in all tissues except muscle fibers. Niel and colleagues (2009)
reasoned that if functional AR in muscle fibers is sufficient to rescue the SNB
system, HSA-AR/Tfm males would have masculine BC/LA muscle size and SNB
motoneuron number. Surprisingly, muscle size and motoneuron number were
not rescued, indicating that functional AR in muscle fibers is not sufficient to
rescue the system. These results suggest that AR in another cell type within the
muscle, possibly satellite cells or fibroblasts, is required for masculinization of the
SNB neuromuscular system (Niel et al., 2009). In fact, satellite cells in perineal
muscles do express AR (Jordan et al., 1997) and there is an androgendependent sexual dimorphism in satellite cell number in developing perineal
muscles (Niel et al., 2008). Functional AR in another cell type could be acting
alone or in concert with AR in muscle fibers to masculinize the system. But it is
also possible that androgen acts at a cell type outside the perineal muscles. The
perineal region also contains adipocytes, endothelial cells, epithelial cells, and
Schwann cells, each of which is a potential site of androgen action during
development of the SNB neuromuscular system.
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Activational effects of hormones on perineal neuromuscular system
Not only do males have more SNB motoneurons than females, they also
have larger SNB motoneurons. As is the case for the sex difference in
motoneuron number, this sex difference in motoneuron size is also due to
differential androgens in males and females. But there is a key difference: SNB
motoneuron size in adulthood is dependent upon circulating levels of androgens.
Evidence for this came from early studies by Breedlove and Arnold, who found
that castration of adult male rats resulted in shrinkage of SNB motoneurons four
weeks later. Treating castrated males with testosterone prevented this
shrinkage, and treating females with testosterone in adulthood increased SNB
motoneuron size (Breedlove and Arnold, 1981). The BC and LA muscles in adult
rodents are also highly sensitive to androgens; in fact, these are the most
androgen-sensitive muscles in the body. Castration of adult rats causes a
marked decrease in BC/LA size, while treatment with testosterone after
castration can prevent the decrease in muscle size (Wainman and Shipounoff,
1941; Venable, 1966).
Forger and colleagues (1992) aimed to determine if the effects of
testosterone on SNB motoneuron and BC/LA muscle size were due to
testosterone working through the androgen receptor or due to testosterone being
metabolized to estradiol and working through an estrogen receptor. Treating
castrated adult male rats with dihydrotestosterone (DHT), a non-aromatizable
androgen that cannot be converted to estradiol, protects against motoneuron and
muscle shrinkage, whereas estradiol benzoate (EB) alone had no effect on SNB
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motoneuron or muscle size (Forger et al., 1992). The same pattern of results for
SNB motoneuron size is also seen in gerbils. Long-term castration causes a
decrease in SNB motoneuron size; this effect could be prevented by treatment
with testosterone and at least partially by DHT, but EB is ineffective (Fraley and
Ulibarri, 2002). Thus, testosterone acts via androgen receptors early in life to
cause the sex difference in SNB motoneuron number and later in life to cause
sex differences in motoneuron size.

Environmental influences on the SNB
The regression of SNB motoneurons and BC/LA muscles seen after
castration in the lab may have a real-world counterpart. Even though the rats we
use in research have been selected over many generations to breed year-round,
their wild ancestors were seasonal breeders. In other species of rodents which
breed seasonally, the reproductive system tends to regress in the non-breeding
season and become activated during the breeding season. Forger and
Breedlove (1987) asked whether the SNB system in white-footed mice
(Peromyscus leucopus) would be different in the breeding and non-breeding
seasons. They found that SNB motoneuron and BC/LA muscle size decreased
when animals were exposed to short daylengths (similar to the non-breeding
season), and that motoneuron and BC/LA muscle size then increased when
animals were exposed to long daylengths (similar to the breeding season). The
testes of these animals also regressed during short daylengths and grew during
long daylengths, so Forger and Breedlove concluded that changes in
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photoperiod were causing changes in circulating testosterone, with consequent
effects on the SNB system (Forger and Breedlove, 1987). Similar results were
found in seasonally-breeding Siberian hamsters (Phodopus sungorus), with
transfer to short daylengths causing a decrease in SNB motoneuron size
(Hegstrom and Breedlove, 1999).
The prenatal environment can also affect development of the SNB system.
Exposing a pregnant rat to stressful conditions results in decreased androgens in
pups (Ward and Weisz, 1980). In turn, male offspring of these stressed dams
have fewer SNB motoneurons in adulthood (Grisham et al., 1991). Similarly,
female gerbils that gestate between two males (2M) have significantly more SNB
motoneurons than females that developed between two females (2F), and 2M
males have a larger BC/LA muscle size than 2F males (Forger et al., 1996b).
Presumably, 2M animals are exposed to higher testosterone levels from their
neighbors than are 2F animals.
There are also environmental effects on the SNB system that may be
independent of changes in androgen secretion. Dams normally lick the
anogenital region of pups in order to aid in reflex evacuation. The dams lick male
pups more than female pups, and are most likely differentiating between the
sexes by the scent of androgen metabolites in the urine (Moore, 1982). Dams
rendered temporarily anosmic spend significantly less time performing anogenital
licking of pups. Pups raised by these anosmic dams have significantly fewer
SNB motoneurons (Moore et al., 1992) with reduced dendritic length (Lenz and
Sengelaub, 2006) in adulthood than pups raised by dams performing normal
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levels of anogenital licking. Recently, Lenz et al. (2008) performed a set of
experiments on artificially reared pups in order to strictly control the amount of
tactile stimulation experienced by each pup. They found that low or medium
tactile stimulation resulted in reduced SNB motoneuron size and dendritic
arborization (Lenz et al., 2008). All of these studies suggest that afferent input to
SNB motoneurons from the periphery influence their survival and morphology,
although no one has ruled out the possibility that anogenital stimulation could
stimulate testosterone secretion from pups.

Sexual differentiation in non-solitary species
Virtually all previous work on sexual differentiation of the nervous system
has focused on species such as rats, mice, gerbils, and guinea pigs, in which
essentially all animals that survive to adult body size become reproductive. While
direct reproduction is the only means of passing on one’s genes in noncooperatively breeding species, in cooperatively breeding species, some
individuals forgo or delay reproduction to assist in the rearing of geneticallyrelated offspring (Solomon and French, 1997). Consequently, one might expect
differences in the cellular mechanisms, pattern, or timing of sexual development
among species with these different strategies.

Prairie vole pups receive care

not only from both their parents (Getz et al., 1981), but also from sexually
inexperienced siblings (McGuire et al., 1993; Wang and Novak, 1994). Lonstein
et al. (2005) examined the effects of perinatal exposure to gonadal hormones on
the development of sexually dimorphic extrahypothalamic arginine-vasopressin
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(AVP) projections in prairie voles. In contrast to what is found in rats, this system
seems to be insensitive to exogenous androgens during neonatal development in
prairie voles. Similarly, pre- or postnatal treatment of female prairie voles with
testosterone propionate does not masculinize the number of Onuf’s nucleus
motoneurons (Holmes et al., 2009). Thus, the rules of sexual differentiation differ
in at least one species exhibiting alloparental care.

Eusociality in the naked mole-rat
Eusociality is an extreme form of cooperative breeding in which groups of
animals live in colonies with a reproductive division of labor. For a species to be
considered eusocial, it must fulfill certain criteria (Michener, 1969). The species
must live in large groups with overlapping generations and these groups must
contain only a few reproductive individuals; all other animals in a colony must be
physically or functionally sterile. The term eusocial was originally coined to
describe insects that live in colonies with reproductive castes (Michener, 1969).
In fact, until the 1980s, scientists thought eusociality only existed in invertebrates.
In the mid-1970s, R.D. Alexander speculated on the existence of a eusocial
mammal. Alexander believed that this hypothetical eusocial mammal would live
an existence similar to termites. Since colonies of mammals would be too large
to inhabit trees or logs, Alexander speculated that the eusocial mammal would
live underground. More specifically, he thought the eusocial mammal would be a
rodent, since many rodents nest underground. The soil would have to be hard
clay, in order to keep the nest safe from digging predators. The primary predator
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would be able to enter the underground burrow, making snakes a likely predator.
This eusocial mammal would feed mostly on tubers and roots since these are
underground food sources that can be shared with many individuals. If the food
source is large tubers, then the environment would probably be wet-dry tropics,
making it more likely for plants to produce large tubers to store water and
nutrients in the dry season. Considering the various environmental conditions,
Alexander speculated that the hypothetical eusocial mammal might live in the
open woodland or scrub of Africa (Braude, 1997).
During a lecture at Northern Arizona University, a mammalogist informed
Alexander that his hypothetical eusocial mammal sounded just like the naked
mole-rat (Heterocephalus glaber), a small rodent native to Africa. Subsequently,
Alexander contacted an expert on African mole-rats, Jennifer Jarvis, and in 1981,
she published a description on the social structure of naked mole-rats in Science
indicating that they are indeed eusocial (Jarvis, 1981; Braude, 1997).
Naked mole-rats exhibit the most extreme form of cooperative breeding
known in a mammal (Bennett and Faulkes, 2000). Wild colonies of naked molerats typically contain 60-80, and in one instance at least 295, individuals (Brett,
1991). Each colony is comprised of a single breeding female (the queen), one to
three breeding males, and a large number of non-reproductive “subordinates,”
who assist in foraging, colony defense, maintenance of the tunnel system, and
caring for the young (Jarvis, 1981; Brett, 1991; Lacey et al., 1991; Lacey and
Sherman, 1991). Subordinates do not show sex behavior, but can become
reproductive if a breeder dies, or if they are removed from the colony and paired
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with an opposite-sex mate (Faulkes et al., 1990; Margulis et al., 1995). Once a
breeding animal is established, however, it is rarely overthrown and, as a result,
the large majority of individual naked mole-rats never achieve reproductive status
(Brett, 1991).
Naked mole-rats are the sole extant member of the genus Heterocephalus
in the family Bathyergidae (African mole-rats). Along with Heterocephalus, the
genera Fukomys and Cryptomys contain eusocial species; in fact, the
Damaraland mole-rat (Fukomys damarensis) is also considered eusocial (Kock
et al., 2006; Bennett and Faulkes, 2000). The other three genera of bathyergids,
Heliophobius, Bathyergus, and Georychus, contain only solitary species (Bennett
and Faulkes, 2000; Figure 1.2).

Figure 1.2. Phylogenetic relationships among the six genera in the family
Bathyergidae (African mole-rats).
In this dissertation, I examined sexual differentiation of the perineal
neuromuscular system in the eusocial naked mole-rat. Previous work in naked
mole-rats showed a lack of sex differences in perineal muscles and their
innervating motoneurons located in Onuf’s nucleus in subordinates (Peroulakis et
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al., 2002). I hypothesized that sexual differentiation of this neuromuscular
system is only activated if an animal becomes a breeder (Chapter 2). In testing
this hypothesis, I found a population of “small cells” in Onuf’s nucleus that did not
fit the normal morphological criteria for motoneurons. In Chapter 3, I examine
the size distribution of cells in Onuf’s nucleus in more detail and use
immunohistochemistry and retrograde labeling to test the hypothesis that the
small cells in Onuf’s nucleus are motoneurons. In Chapter 4, I examine naked
mole-rats of various social and reproductive statuses to determine which cues
cause changes in perineal muscles and Onuf’s nucleus cells. Finally, I describe
a comparative study in Chapter 5, comparing sexual differentiation in the naked
mole-rat with that in two other African mole-rat species of varying social structure.
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CHAPTER 2
BREEDING STATUS AFFECTS MOTONEURON NUMBER AND MUSCLE SIZE
IN NAKED MOLE-RATS: RECRUITMENT OF PERINEAL MOTONEURONS?
Introduction
As described above, the perineal motoneurons and their target muscles
are sexually dimorphic in every other mammal examined to date. In mice and
rats, motoneurons in the spinal nucleus of the bulbocavernosus (SNB) and the
dorsolateral nucleus of the lumbar spinal cord innervate striated perineal muscles
that attach to the penis (Sachs, 1982; Hart and Melese-D'Hospital, 1983). These
muscles are innervated by a single cell group known as Onuf’s nucleus in other
species, including humans (Onuf, 1899; Sato et al., 1978; Thuroff et al., 1982;
Forger et al., 1996a). Males have more perineal motoneurons than do females,
and the target muscles are absent or reduced in size in females of many species
(Breedlove and Arnold, 1980; Forger and Breedlove, 1986; Wagner and
Clemens, 1989; Ulibarri et al., 1995; Forger et al., 1996a). These sex differences
in mice and rats are due to death of the muscles and motoneurons in females
during perinatal life (Čihák et al., 1970; Nordeen et al., 1985; Jacob et al., 2005).
Subordinate naked mole-rats exhibit no sex differences in behavior or
body size, and the external genitalia are remarkably monomorphic (Jarvis, 1981;
Lacey et al., 1991; Peroulakis et al., 2002). Peroulakis et al. (2002) previously
determined that the perineal muscles are innervated by a single motor pool
(Onuf’s nucleus) in naked mole-rats, and found no sexual dimorphism in any
feature of this neuromuscular system. However, only subordinates were
available for the previous study. This prompted the speculation that some
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features of sexual differentiation in naked mole-rats might occur only if an
individual becomes a breeder. To test this prediction, I examined perineal
muscles and motoneurons in animals assigned to breeding-pair or subordinate
conditions. An unpredicted result of this analysis was the finding of an increased
number of large Onuf’s nucleus motoneurons in breeders of both sexes.

Materials and Methods
Animals
Naked mole-rat colonies were maintained in the Goldman laboratory at the
University of Connecticut, Storrs. All animals were descended from individuals
captured in Kenya, as described previously (Peroulakis et al., 2002). Colonies
were maintained in polypropylene tubs (with PlexiglasTM lids) containing corncob
bedding and connected by lengths of acrylic tubing. Animals were fed ad libitum
on a diet consisting of sweet potato supplemented with apples, carrots, squash,
and oatmeal. Animal rooms were maintained on a 12:12 light/dark photoperiod,
and room temperature maintained at 28-30°C. Naked mole-rats are very longlived and can survive for over 20 years in captivity (Jarvis and Bennett, 1991).
Subjects in this study were between 3 and 17 years of age and weighed between
31.7 and 66.2 g. Breeders were created by removing subordinates from their
colonies and pairing them with opposite-sex mates; all breeders had been paired
four to eight years prior to sacrifice and had produced at least one litter. There
were no significant differences in age or body weight between breeders and
subordinates.
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Motoneuron number and size
For analysis of muscle and motoneuron morphology, groups consisted of 6
subordinate males, 4 subordinate females, 4 breeding males, and 3 breeding
females. Animals were deeply anesthetized and decapitated; the vertebral
columns and perineums were dissected out and immersion-fixed in formalin.
Tissues were then transferred to Bouin’s solution and embedded in paraffin.
Lumbosacral spinal cords were coronally sectioned at 10µm, mounted on gelatin
subbed slides, and stained with Klüver-Barrera.
Darkly stained cells that were large, multipolar, with an unstained nucleus
and clearly visible nucleolus were considered motoneurons and were counted
throughout the rostral-caudal extent of Onuf’s nucleus, as previously (Peroulakis
et al., 2002). For comparison, I also examined motoneurons in the
retrodorsolateral position at the same spinal level. Although the target muscles
of these cells have not been determined in naked mole-rats, we refer to this cell
group as the retrodorsolateral nucleus (RDLN). In mice and rats, motoneurons in
the RDLN innervate muscles of the hindfoot (Nicolopoulos-Stournaras and Iles,
1983; Forger et al., 1997). RDLN motoneurons are not sexually dimorphic in size
or number, and are not affected by perinatal hormone treatments in rats (Jordan
et al., 1982; Tobin and Payne, 1991). Motoneuronal nucleoli in both cell groups
were counted unilaterally in alternate sections.
Cell size was determined from camera lucida tracings of at least 25
motoneurons in Onuf’s nucleus and the RDLN of each animal. Cells were traced
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in sections that were evenly spaced along the rostral-caudal extent of each
nucleus and all cells within a chosen section were traced to avoid experimenter
bias. On average, cells were traced from 7 sections (range: 5-9 sections) in each
animal. Tracings were made on a Cross Pad and imported into SigmaScan for
analysis of mean cross-sectional areas of the somas, nuclei, and nucleoli.
Subsequently, I also assessed the number of “small cells” in Onuf’s nucleus (see
below). These cells are much smaller than the motoneurons included in the
counts described above and do not have a visible nucleolus (see Figure 2.2).
Somas were traced for all small cells; nuclei were traced for these cells only
when the nuclear membrane could be clearly discerned by focusing through the
section. Raw cell counts were corrected for sampling ratio, and for split nucleoli
(motoneurons) or somas (small cells) according to the method of Konigsmark
(Konigsmark, 1970).
Motoneuron counts have been validated when performed as described
above (Clarke and Oppenheim, 1995). Given the finding of a novel cell type
(small cells) within Onuf’s nucleus, however, I sought to verify our findings by
performing stereological cell counts. Motoneurons and small cells in Onuf’s
nucleus were therefore counted in a subset of the animals (4 subordinates and 4
breeders) using an adaptation of the optical disector method and
StereoInvestigator software (MicroBrightfield, Williston VT). All cells within
Onuf’s nucleus were counted unilaterally in alternate sections (sampling is not
necessary because of the small number of cells involved). A guard zone of 1 µm
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was used at the top and bottom of each section, and the number of cells of each
type that came into focus within the section was recorded.

Morphology of the perineal muscles
Perineums were sectioned at 10µm and mounted on gelatin-subbed slides.
Sections were stained with Gomori’s trichrome to enhance the detection of
muscle striations. Peroulakis et al. (2002) previously identified muscles of the
perineum as targets of Onuf’s nucleus motoneurons in naked mole-rats. Upon
examination of the perineal region, Peroulakis et al., (2002) identified the levator
ani (LA), ischiocavernosus (IC), and urethral muscle (UM) in subordinate naked
mole-rat. The UM may be homologous to the BC of other mammals, which
wraps around the bulb of the penis. The term “bulbocavernosus” is avoided,
however, because naked mole-rats do not have a penile bulb (Peroulakis et al.,
2002). The LA, IC, and UM muscles were traced in sections spaced 400µm
apart through the perineum. Volume was determined by summing crosssectional areas and multiplying by the distance between traced sections.

Data Analysis
Cell numbers, cell sizes, and perineal muscle volumes were analyzed by twoway ANOVAs (sex-by-status), followed by planned comparisons using Fisher’s
Least Significant Difference. Cell numbers were assessed using both raw cell
counts and Konigsmark corrected counts. The pattern of main effects,
interactions, and all planned comparisons were identical, and only the corrected
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counts are reported below. Means were reported ± SEMs, and p < 0.05 was
considered statistically significant.

Results
Motoneuron number in Onuf’s nucleus is increased in breeders
Counts of large, multipolar cells confirmed the absence of a sex difference in the
number of Onuf’s nucleus motoneurons in subordinate naked mole-rats (Figure
2.1). I found, however, a marked increase in motoneuron number in breeders,
which was significant for both males (p = 0.001) and females (p < 0.0005; Figure
2.1). By ANOVA, these results were reflected in a significant main effect of
breeding status (p < 0.0005), no main effect of sex (p > 0.4), and no sex-bystatus interaction (p > 0.6). I also observed a marginally significant main effect of
status on Onuf’s nucleus motoneuron soma size (p = 0.050), with larger somas in
breeders (Table 1). There were no effects of sex or status on the sizes of
motoneuron nuclei (Table 1) or nucleoli (not shown).
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Figure 2.1. Mean (± SEM) number of motoneurons in Onuf’s nucleus of
breeders and subordinates. There was an increase in motoneuron number in
breeders, which was significant for both males (p = 0.001) and females (p <
0.0005). n.s., not significant.
To determine whether the effect of breeding status on motoneuron number
was specific to Onuf’s nucleus, I examined the RDLN, a motor pool just dorsal
and lateral to Onuf’s nucleus in the lumbosacral spinal cord. There was a
tendency for more RDLN motoneurons in females, but this was not significant (p
< 0.06). Importantly, however, there was no effect of status (p > 0.3), and no sexby-status interaction (p > 0.4) on motoneuron number in the RDLN. There also
was no effect of sex or status, and no sex-by-status interaction on RDLN cell size
(all p’s > 0.4). Thus, reproductive status does not have a generalized effect on
motor pools in the lumbosacral cord.
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Figure 2.2. Photomicrograph of Onuf’s nucleus in a subordinate naked mole-rat.
Both typical motoneurons (open arrow) and small cells (closed arrow) can be
seen. ON, Onuf’s nucleus; RDLN, retrodorsolateral nucleus. Scale bar, 50µm.

Number of small cells within Onuf’s nucleus is decreased in breeders
The increase in motoneuron number in Onuf’s nucleus of breeders was
surprising. Motoneuron genesis is normally complete during embryonic
development (Altman and Bayer, 1984), and, as far as I am aware, the birth of
new motoneurons has not previously been established for any adult mammal.
We therefore turned our attention to a population of cells within Onuf’s nucleus
previously assumed to be interneurons. These cells do not fulfill the normal
criteria for inclusion in motoneuron counts as they are oval or spindle-shaped,
27

one-third the size of motoneurons, and generally have no clear nucleus or
nucleolus (Figure 2.2). However, a nuclear membrane could be discerned in
many cases by focusing up and down at high power, suggesting that these are
whole cells, and not fragments of motoneurons from adjacent sections.
Counts of “small cells” in Onuf’s nucleus revealed a highly significant main
effect of breeding status (p < 0.0005) with fewer of these cells in breeders (Figure
2.3). This decrease was significant for both males and females (p < 0.012 in
each case). Moreover, the decrease in small cell number could numerically
account for the observed increase in the number of large Onuf’s nucleus
motoneurons in breeders (compare Figures 2.1 and 2.3): when both populations
of cells are combined, there are no significant effects of sex (p > 0.8), breeding
status (p > 0.3), or sex-by-status interaction (p > 0.9) on total cell number in
Onuf’s nucleus. As was the case for large motoneurons, mean soma size of
small cells was marginally larger in breeders than in subordinates (p = 0.053),
whereas nucleus size did not vary by sex or breeding status (Table 2.1).
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Figure 2.3. There was a significant main effect of breeding status (p < 0.0005)
on the number of small cells, with fewer cells in breeders, no main effect of sex,
and no sex-by-breeding status interaction. n.s., Not significant.

Table 2.1. Mean (± SEM) cross-sectional areas of somas and nuclei of large
motoneurons and small cells in Onuf’s nucleus of subordinate (Sub) and
breeding (Breed) naked mole-rats.
Motoneurons

Small cells

Soma (µm2)

Nucleus (µm2)

Soma (µm2)

Nucleus (µm2)

Sub Females (n=4)

388 ± 39

117 ± 5

124 ± 8

50 ± 4

Sub Males (n=6)

342 ± 19

98 ± 10

126 ± 8

61 ± 9

Breed Females (n=3)

411 ± 38

109 ± 15

138 ± 6

48 ± 7

Breed Males (n=4)

437 ± 3

127 ± 2

148 ± 9

54 ± 3

n.s.

n.s.

n.s.

n.s.

p = 0.050

n.s.

p = 0.053

n.s.

n.s.

n.s.

n.s.

n.s.

ANOVA
Sex
Status
Interaction
n.s., not significant
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The changes in cell number with breeding status were confirmed using the
optical dissector method. In counts of all cells within Onuf’s nucleus of four
subordinates and four breeders (all males), breeders had significantly more large
motoneurons (p < 0.005) and significantly fewer small cells (p < 0.01) in Onuf’s
nucleus than did subordinates (data not shown). I also asked whether there was
a similar population of small cells in the RDLN. I did find some thionin-stained
profiles within the RDLN of the approximate size of the small cells in Onuf’s
nucleus. Some of these appeared to be soma fragments of large motoneurons
from adjacent sections, but in other cases a nucleus could be discerned.
However, there was no effect of sex or status (p’s > 0.8), and no sex-by-status
interaction (p > 0.5) on the number of small cells in the RDLN (data not shown).
There was no effect of sex (p > 0.3) or status (p > 0.5), and no sex-by-status
interaction (p > 0.8) on the size of small cells in the RDLN.

Perineal muscle size is increased in breeders
I also examined the volumes of Onuf’s nucleus target muscles, the LA, UM, and
IC, of breeder and subordinate naked mole-rats. As reported previously
(Peroulakis et al., 2002), there was no effect of sex on LA muscle volume in
subordinates. However, I found a main effect of breeding status (p < 0.05), with
larger LA muscles in breeders (Figures 2.4A and 2.5). I found a sex-by-status
interaction (p = 0.01), due to the fact that LA volume increased more than twofold in breeding females (p < 0.005 compared to female subordinates), but did
not change in males (Figure 2.4A). The UM was increased in volume in breeding
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animals (main effect of status, p < 0.005; Figures 2.4B and 2.5), with no main
effect of sex and no sex-by-status interaction. IC volumes did not vary
significantly by sex or breeding status, although there was a trend for smaller IC
muscles in females (p < 0.06; not shown).

Figure 2.4. Perineal muscle volumes in subordinates and breeders. (A) There
was a main effect of breeding status on LA volume, with larger muscles in
breeders (p < 0.05). There was also a sex-by-breeding status interaction (p =
0.01), due to the fact that LA size increased in breeding females but not in males.
(B) The UM also was increased in volume in breeding animals (main effect of
status, p < 0.005). There was no effect of sex and no sex-by-status interaction on
UM muscle size. n.s., not significant.
Breeding females are often among the largest animals in the colony
(Jarvis et al., 1991). Although there were no significant effects of sex or breeding
status on body mass, breeding females did have the greatest mean body mass
of the groups in this study. To determine whether increases in the perineal
muscles of breeders could be accounted for solely on the basis of body size, I
analyzed LA and UM volume data after correcting for body weight at sacrifice
(mm3/g). The volume of the LA muscle remained significantly larger in breeders
after correcting for body mass (p< 0.04) and, again, post-hoc tests revealed a
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significant increase for breeding females (p < 0.02), but not males (p > 0.10; not
shown). However, the increase in UM muscle size in breeders was no longer
significant after correcting for body mass (p = 0.09; not shown).

Figure 2.5. (A) Low power view of a cross section through the perineum of a
breeding female. Muscles and bone are red, while connective tissue is blue.
Arrows indicate the LA, which loops around the rectum. The UM can be seen
surrounding the urethra on all sides. Asterisks indicate the pubic bone. (B, D)
Higher power views of the UM (B) and LA (D; arrows) of the breeding female
shown in (A). UM (C) and LA (E) muscles of subordinate females (arrows). Scale
bar in (A) = 1mm; scale bar in (E) = 500µm for (B, C, D, E). Abbreviations: U,
urethra; V, vagina; R, rectum.
Discussion
Social signals profoundly influence sexual development in naked molerats, with the queen and her consorts apparently suppressing reproduction in all
subordinates (Faulkes et al., 1990; Faulkes and Abbott, 1991). Although the
mechanism of suppression is not known, genital nuzzling, a behavior frequently
performed by breeders, is observed when a subordinate is removed from the
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colony and housed with an opposite sex mate (Sharry Goldman, unpublished
observation). Here I demonstrate that the change in social role from subordinate
to breeder also affects motoneurons and their target muscles: breeders exhibited
an increase in the number of large Onuf’s nucleus motoneurons, a decrease in
the number of small cells within the nucleus, and increases in the size of the UM
and LA muscles.

Relative absence of neural sex differences
Although I found considerable plasticity in perineal muscles and motoneurons,
there were no sex differences in motoneuron number or motoneuron cell size
(soma, nucleus, or nucleolus) in breeding or subordinate naked mole-rats. This
confirms previous observations in subordinates (Peroulakis et al., 2002) and
stands in contrast to other mammals examined to date, where the size and/or
number of motoneurons innervating perineal muscles are greater in males
(Breedlove and Arnold, 1980; Ueyama et al., 1985; Forger and Breedlove, 1986;
Wagner and Clemens, 1989; Freeman and Breedlove, 1995; Ulibarri et al., 1995;
Forger et al., 1996a).
From an adaptive standpoint, a lack of sex differences among subordinate
naked mole-rats makes some sense. The large majority of naked mole-rats are
expected to remain subordinate throughout their lifetime, and male and female
subordinates exhibit identical behaviors within the colony (Lacey and Sherman,
1991). Thus, for most members of the species, sex differences may not be
adaptive, and might even interfere with colonial duties. An absence of sex
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differences in perineal motoneurons of breeding naked mole-rats may result from
an early developmental decision, since sexual differentiation of perineal
motoneurons in other species depends primarily on differential exposure to
gonadal androgens during early development (Breedlove and Arnold, 1983a, b;
Forger and Breedlove, 1986). Although no information is available on the fetal or
neonatal endocrinology of naked mole-rats, the results presented here suggest a
testable hypothesis: given the paucity of morphological and behavioral
differences between the sexes, one might predict either similar exposure to
androgens in males and females during a critical period in development, or a
relative insensitivity of developing tissues to differences in the hormonal milieu.

Increased size of muscles and motoneurons
Hormones circulating in adulthood generally do not alter fundamental sex
differences in cell number, but androgens do increase the size of perineal
motoneurons and muscle fibers in adult mice, rats, gerbils, and hamsters
(Wainman and Shipounoff, 1941; Venable, 1966; Breedlove and Arnold, 1981;
Forger and Breedlove, 1987; Fraley and Ulibarri, 2002; Hegstrom et al., 2002).
Thus, differences in androgen levels between subordinate and breeding naked
mole-rats could contribute to our findings. Breeding male naked mole-rats have
approximately two-fold higher urinary testosterone levels than do subordinates
(Clarke and Faulkes, 1998), and testosterone may also be elevated in breeding
females (Faulkes et al., 1990; Clarke and Faulkes, 1997). Additionally, androgen
levels in breeding female naked mole-rats are only about one-tenth those
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reported for breeder males (Clarke and Faulkes, 1997, 1998), yet motoneuron
and muscle sizes were at least as large in female as in male breeders in the
current study. In fact, breeding females had the largest perineal muscles of any
group, and the LA of breeder females was actually larger than that of breeder
males.
This suggests that the changes I observed may not be solely hormone
dependent, but due to breeding experience or social status, per se. In a naked
mole-rat colony, mutual genital nuzzling is a behavior displayed almost
exclusively by breeders. This behavior occurs at all times of the female’s
ovulatory cycle and persists during pregnancy and even after gonadectomy of
both members of the breeding pair (Lacey et al., 1991; Goldman et al., 2006).
Thus, genital nuzzling reflects social status rather than circulating hormone levels
or current reproductive condition. Interestingly, as described in Chapter 1,
stimulation of the anogenital region affects development of the SNB
neuromuscular system in neonatal male rats (Moore et al., 1992). This suggests
the possibility that the genital nuzzling could contribute to the changes in perineal
muscles and motoneurons seen here.
The increased size of the perineal muscles in female breeders was
unexpected and raises the question of function. The BC and LA muscles control
penile reflexes in other species (Hart, 1972; Sachs, 1982; Hart and MeleseD'Hospital, 1983; Karacan et al., 1983), but the role of these muscles in females
is not clear. The BC is absent and the LA is vestigial in female rats and mice
(Wainman and Shipounoff, 1941; Venable, 1966; Tobin and Joubert, 1991). A
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small BC that serves to constrict the vagina is found in female dogs and humans
(Miller et al., 1964; Shafik et al., 2002). Naked mole-rats do not have a striated
muscle that specifically encircles the vagina. However, the LA loops around the
rectum and vagina, attaching at the corpora cavernosa clitoridis (Peroulakis et
al., 2002), and contraction of this muscle likely constricts the vagina. It is
possible that the LA may assist in extruding pups during delivery, or in
maintaining the integrity of the perineal floor. Enlarged perineal muscles may
therefore support the enormous reproductive load of naked mole-rat queens,
which can give birth to hundreds of pups during their long reign (Jarvis, 1991).
Similarly, lengthening of the lumbar vertebrae is a morphological specialization
observed in queens that is thought to be related to increased pup-carrying
capacity (O'Riain et al., 2000).

Increased motoneuron cell counts: late differentiation of motoneurons?
The marked increase in the number of large Onuf’s nucleus motoneurons in
breeders of both sexes was the most surprising finding of this study. Position in a
dominance hierarchy influences the survival of newly generated neurons in the
dentate gyrus of rats (Kozorovitskiy and Gould, 2004), but a mechanism involving
neurogenesis seems unlikely here. The generation of spinal motoneurons,
including perineal motoneurons, is normally complete during embryonic
development (Breedlove et al., 1983; Altman and Bayer, 1984), and I am not
aware of any demonstration of adult motoneurogenesis in a mammal. Neural
progenitor cells reside in the gray matter of the spinal cord of adult mice and rats
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(Namiki and Tator, 1999; Horner et al., 2000; Yamamoto et al., 2001; Azari et al.,
2005; Chi et al., 2006). These cells may proliferate and migrate in response to
neural injury or disease, but, to date, there is no evidence that newly generated
cells differentiate into motoneurons.
I find that the increase in large motoneuron number in Onuf’s nucleus of
breeding naked mole-rats is associated with a reciprocal, 50% decrease in the
number of small cells. Taken together, I favor the explanation that small cells in
Onuf’s nucleus are small, relatively undifferentiated motoneurons that are
recruited to the pool of large, multipolar motoneurons when an animal changes
social status. To my knowledge, no such phenomenon has previously been
described for a mammal.
Alternative explanations cannot be ruled out, however, and several
questions remain. For example, some small cells remain in breeders, and the
identity of these cells is not known. In Chapter 3, I probe the cells of Onuf’s
nucleus in subordinates and breeders with a motoneuron marker to confirm the
phenotype of these cells. I also determine whether small cells project their axons
to the perineum to synapse with the perineal muscles (Chapter 3). If so, this
would suggest one possible mechanism for the observed changes: growth of the
UM and LA muscles, as seen in breeders, may trigger the differentiation of small
cells by providing additional synaptic sites and/or increased availability of
neurotrophic factors. A similar phenomenon could explain observations in male
gerbils, where an increase in SNB motoneuron number is reported through
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puberty, concomitant with increases in target muscle size (Fraley and Ulibarri,
2001; Siegford and Ulibarri, 2004).
All breeders in the current study had been paired long term and had
produced at least one litter. Thus, the time course of the changes in muscles and
motoneurons associated with breeding status is not known, nor do I know
whether production of a litter is required for changes observed or if the changes
are reversible. These questions could be addressed by examining perineal
muscles and motoneurons shortly after pairing, or in long-term pairs that have
not produced a litter. Moreover, because breeders retain their status for several
months after castration (Goldman et al., 2006), it may also be possible to tease
apart effects of gonadal hormones from effects due to social status, per se.
Some of these possibilities are addressed in Chapter 4.
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CHAPTER 3
ARE THE “SMALL CELLS” IN ONUF’S NUCLEUS MOTONEURONS?
Introduction
In Chapter 2, I found an increase in motoneuron number in breeders of
both sexes. Additionally, I noticed another population of small cells within Onuf’s
nucleus that did not exhibit typical motoneuron morphology. Breeders had fewer
of these “small cells” than subordinates, and the decrease in small cells in
breeders could numerically account for the increase in large motoneurons.
However, the definitions of “motoneuron” and “small cell” in the previous study
were based strictly on appearance in a Klüver-Barrera stain. Here, I considered
two hypotheses: 1) the small cells in Onuf’s nucleus of subordinate naked molerats are atrophic motoneurons, some of which are triggered to grow in breeders,
or 2) the small cells are not motoneurons but may be induced to differentiate into
a motoneuronal phenotype by the switch in breeding status. In the present study,
I used immunohistochemistry and retrograde tracing to test the hypothesis that
small cells are motoneurons. If small cells are indeed motoneurons, they should
label with a motoneuron-specific marker (neurochemical definition of a
motoneuron). A functional definition of a motoneuron is that it projects to and
innervates striated muscles. Thus, I asked whether any small cells label after
injection of retrograde tracer into the perineum. I also performed a detailed
analysis of the size distribution of all cells in Onuf’s nucleus of subordinates and
breeders. I reasoned that if a single cell type is present in Onuf’s nucleus, then I
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might observe a single peak in the cell size frequency distribution. Alternatively,
multiple peaks might suggest multiple different cell types.
In preliminary studies, I found that some small cells in Onuf’s nucleus of
subordinates labeled with the motoneuron-specific marker, SMI-32. However,
the proportion of labeled cells was lower for small cells than for large
motoneurons (Chi-square, p < 0.005), and not all large motoneurons labeled with
this marker (Seney et al., 2006). The quality of sections used in this preliminary
study was not good enough to determine whether SMI-32 positive small cells
also contained nuclei or nucleoli. This was a concern because these SMI-32
labeled small cells could have been fragments of larger motoneurons. In the
present experiment, I again performed immunohistochemistry for SMI-32, but the
tissue was of much better quality and I could clearly see nuclei in small cells. I
assessed the size of SMI-32 positive cells to determine if any small cells label
with this motoneuron marker.
I also retrogradely labeled cells projecting to the perineal muscles in
naked mole-rats by injecting CT subunit b conjugated to Alexa Fluor 488
(CTb-488) into the perineum. The CTb-488 fills the cell soma, but leaves the
nucleus blank, allowing me to discriminate between small cells versus fragments
of larger motoneurons. I then assessed the size of retrogradely labeled cells to
determine if any small cells send projections to the region of the perineal
muscles.
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Materials and Methods
Animals
Colonies of naked mole-rats were maintained at the University of Connecticut,
Storrs as described above (Chapter 2). For the frequency distribution of cell
sizes in Onuf’s nucleus, I used 4 subordinates of each sex and 9 breeders of
each sex (same animals as in Chapter 4 of this dissertation). For
immunohistochemistry for SMI-32, I used 3 subordinates of each sex and 5 intact
breeders of each sex (also used in Chapter 4). For retrograde tracing, I used 3
subordinate males. Since subordinates had the largest number of small cells in
Chapter 2 (with no sex difference), I reasoned that using subordinates would give
me the best chance of finding a retrogradely labeled small cell.

Cell size frequency distributions
In order to better understand the size distribution of cells present within Onuf’s
nucleus, I created size frequency distribution graphs for subordinates and
breeders. The intact and gonadectomized breeders of Chapter 4 were combined
for this analysis. Every cell with a clear nucleolus was traced in the KlüverBarrera stain using StereoInvestigator software (Micro Bright Field, Inc., Williston,
VT). These tracings were saved as files that also preserved the relative position
of each cell within Onuf’s nucleus. Cells were sorted into bins (bin size = 50 µm2
cross-sectional area) and the percent of cells in each bin was calculated. Based
on the cell size frequency distribution (see below), large motoneurons in this
study were defined as cells with soma areas greater than 350 µm2 and small
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cells were defined as between 150 and 350 µm2. I also found a third group of
very small cells in this analysis (see below) which I called “ultra-small cells”;
these had soma areas less than 150 µm2.

Immunohisochemistry for the motoneuron marker SMI-32
SMI-32 is a mouse monoclonal antibody that binds to non-phosphorylated
epitopes in neurofilament H and specifically labels motoneurons within the spinal
cord of mice (Bar-Peled et al., 1999). All spinal cord sections were initially
stained with Klüver-Barrera and cell size determined as described above.
Sections were then de-stained and immunohistochemistry for SMI-32 was
performed as described previously (Jacob et al., 2005). Briefly, sections were
incubated for 3 days in SMI-32 at 4°C (1:800; Covance, Priceton, NJ), followed
by goat anti-mouse secondary antibody (1:150) and ClonoPAP (1:200; a
peroxidase-mouse antiperoxidase complex; Sternberger Monoclonals
Incorporated).
SMI-32 staining in the spinal cord of naked mole-rats is confined to the
location of motor pools and the distribution of label appears very similar to that
previously described in mice (Figure 3.1). All staining was abolished when the
primary antibody was omitted.
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Figure 3.1. SMI-32 selectively labels motoneurons in the lumbosacral spinal
cord of the naked mole-rat. (A) A thionin stain reveals all Nissl-positive cells in a
transverse section of the lower lumbar spinal cord in a subordinate naked molerat. The left ventral quadrant is shown. (B) A neighboring section immunostained
with SMI-32. Only the motor pools are stained (C) Control section in which the
primary antibody was omitted during immunohistochemistry. Scale bars: (A,B) =
100 µm, (C) = 200 µm.
Analyses of SMI-32 labeled cells
For the analysis of each section, tracings made of Klüver-Barrera stained
sections were opened in StereoInvestigator. I then placed the corresponding
SMI-32 labeled section on the microscope and the live video camera depicted
cells in Onuf’s nucleus that were SMI-32 positive. Since the StereoInvestigator
tracings preserved the relative positions of cells, I was able to match up these
tracings to the SMI-32 labeling. Cells were evaluated “by eye” and considered
SMI-32 positive if they were moderately or darkly stained and contained a
nucleus. With this analysis, I recorded whether each Onuf’s nucleus cell was
SMI-32 positive or negative for the motoneuron marker.

43

Retrograde tracer injections
Naked mole-rats were anesthetized with isofluorane and given a single 30µl
injection of cholera toxin subunit B (CTb) conjugated to Alexa Fluor 488 (1µg/µl in
phosphate buffered saline) aimed just lateral to the phallus. This large volume
injection was intended to “flood” the perineum and label any cells with axons in
the region of the perineal muscles. Cholera toxin is composed of two subunits:
subunit A induces cell death by interfering with G-protein signaling, whereas
subunit B is nontoxic and binds to its receptors, monosialgangliosides, present
on the neuronal surface (Ericson and Blomqvist, 1988). I waited six days to allow
for transport of the tracer. All animals were deeply anesthetized and perfused
with 0.9% saline followed by 10% formalin. The vertebral column was postfixed
in 10% formalin overnight. Lumbosacral spinal cords were removed and
immersed in 30% phosphate buffered sucrose overnight.
Cords were sectioned in the coronal plane at 30 µm on a freezing
microtome and mounted on gelatin-subbed slides. Slides were coverslipped with
ProLong® Gold Antifade Reagent with DAPI (Invitrogen) and allowed to cure
overnight. The ProLong® Gold Antifade Reagent prevents fading of fluorescence
and the DAPI fluorescently tags cell nuclei.

Analyses of retrogradely labeled cells
For this analysis, I first photographed all retrogradely labeled cells and then
soaked off coverslips and performed a thionin stain to determine the soma size of
each labeled cell. Specifically, CTb-488 labeled cells were examined under a
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fluorescent microscope and photomicrographs were taken of all labeled cells at
20X magnification. Using StereoInvestigator software, I outlined each half of the
spinal cord that contained retrogradely labeled cells to help line up these labeled
cells to the thionin stain later in this analysis. I used the DAPI filter to determine
whether CTb-488 labeled cells also contained nuclei, reducing the chance that I
was visualizing only fractions of larger labeled cells.
I then soaked off the coverslips in warm phosphate buffered saline,
counterstained the slides with thionin, and coverslipped with Permount. Using
StereoInvestigator, I traced the soma of all cells with a visible nucleus within
Onuf’s nucleus for each animal and recorded cross-sectional soma area.
Photomicrographs of retrogradely labeled cells were compared to the tracings of
thionin labeled cells to determine the size of retrogradely labeled cells.

Data analysis
Independent two-tailed t-tests were used to compare breeders and subordinates
for each 50 µm2 cell size bin of the cell size frequency distributions. The data for
SMI-32 immunohistochemistry and retrograde labeling were analyzed in several
ways. First, I compared the mean percentage of ultra-small cells, small cells,
and large motoneurons that were positive for SMI-32 or CT-488 using 1-way
ANOVAs (by cell type). I also combined the data for all animals and performed
Chi-square tests to determine whether, overall, the cell types differed in the
likelihood to label with SMI-32 or CT-488.
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A 2-way ANOVA (sex-by-status) was used to compare the mean
percentage of SMI-32 positive small cells in male and female subordinates and
breeders. For this calculation, the number of SMI-32 labeled small cells was
divided by the total number of SMI-32 labeled cells.
Means are reported ± SEMs and p < 0.05 is considered statistically
significant.

Results
Sizes of cells in Onuf’s nucleus
Figure 3.2 depicts the relative frequency distributions of cell size in Onuf’s
nucleus of subordinates and breeders. Qualitatively, both breeders and
subordinates have a nearly identical peak of very small cells at about 100 µm2.
The relative frequency distributions also suggest a second population of cells in
both groups, which peaks at about 250-300 µm2 in subordinates and about 400
µm2 in breeders. In the size range between 150 and 350 µm2, subs have more
cells than breeders. This approached significance for bin 200-250 µm2 (p =
0.059) and was significant between 250 and 300 µm2 (p < 0.02) as well as
between 300 and 350 µm2 (p < 0.03; Figure 3.2). Conversely, as might be
expected, breeders have a slightly higher percentage of cells in most bins 400
µm2 and greater. The differences are small, however, and not significant in any
single bin.
This analysis suggests that the most notable difference between breeders
and subordinates is the proportion of cells in Onuf’s nucleus that are in the range
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of 150 to 350 µm2. These cells most likely correspond to the “small cells”
identified in Chapter 2. Here, the cells were slightly larger than the cells
identified as small cells in Chapter 2 (where small cells were defined as 100-300
µm2). This is likely due to the shorter fixation time in the present study and
improvements in staining which allowed me to see more of the soma. In support
of this, the largest cells traced in Chapter 2 were 800 µm2, whereas cells over
1000 µm2 were seen here. With the higher quality histology, I could also see a
nucleus and nucleolus in virtually all small cells in the current study (in contrast to
Chapter 2 where a nucleus was seen in some small cells, but a nucleolus was
not). From this point on in the dissertation, ultra-small cells in Onuf’s nucleus are
defined as cells with soma size of less than 150 µm2, small cells are defined as
cells with soma size between 150 and 350 µm2 and large motoneurons as
greater than 350 µm2.
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Figure 3.2. Relative frequency distribution showing the percent of cells in Onuf’s
nucleus that fall within each 50 µm2 cell size range in subordinates (in pink) and
breeders (in purple). Asterisks indicate significant differences (p < 0.05).

SMI-32 labels some small cells in Onuf’s nucleus
To test whether cells in each size range could neurochemically be considered
motoneurons, I examined spinal cord sections of subordinate and breeding
naked mole-rats that were sequentially Klüver-Barrera stained, destained, and
immunolabeled using the motoneuron-specific monoclonal antibody, SMI-32.
Over 90% of large motoneurons were moderately or darkly labeled for SMI-32,
as expected for this motoneuron marker. In contrast, no ultra-small cells (below
150 µm2) labeled with SMI-32. Within the size group identified as “small
cells” (150-350 µm2), every animal I examined had at least some SMI-32 labeled
cells. Thus, at least some “small cells” can neurochemically be considered
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motoneurons (Figure 3.3A). However, whereas almost all large motoneurons
labeled with SMI-32, no ultra-small cells and only about two-thirds (58.7%) of
small cells were SMI-32 labeled (p < 0.0005; Figure 3.3B). When I combined the
data for all animals (1137 cells), a Chi-square analysis revealed that the three cell
size groups label at different frequencies (χ2 = 563; d.f. = 2; p < 0.0005). I found
a similar pattern of results (and for all other analyses to follow) when I defined
small cells as in Chapter 2 (everything under 300 µm2 being considered a small
cell; data not shown).

Figure 3.3. (A) High magnification view of SMI-32 immunolabeled cells in Onuf’s
nucleus of a subordinate naked mole-rat. Large motoneurons (asterisks) and
small cells (arrows) are seen. Scale bar = 25 µm. (B) Mean (± SEM) percent of
SMI-32 labeled ultra-small cells, small cells, and large motoneurons that were
SMI-32 positive. Large motoneurons label with SMI-32 at a higher percentage
than small cells. No ultra-small cells label with SMI-32. Bars with different letters
are significantly different from each other.
If about two-thirds of small cells are motoneurons (as defined by SMI-32
labeling), and these are the cells that become large in breeders, one would
predict that breeders would have fewer SMI-32 labeled small cells than
subordinates (when the percent SMI-32 labeled small cells is divided by the total
number of SMI-32 labeled cells). The mean percent of all SMI-32 labeled cells
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that were in the range of small cells was 43.4% in subordinates and 35.7% in
breeders. This was not significant (p = 0.3), although the number of animals in
each group was small (n = 3 or 4).

Retrograde labeling of small cells
After injection of CT-488 into the region of the perineal muscles, positively
labeled cells in the lumbosacral spinal cord were restricted to Onuf’s nucleus
(Figure 3.4). I examined the size of cells in Onuf’s nucleus that picked up the
retrograde tracer and found that 56.2% of large motoneurons, 35.5% of small
cells, and only 4.4% of ultra-small cells were positive for CT-488 (Figure 3.4).
There was a significant effect of cell type on CT-488 labeling (p < 0.0005). Large
motoneurons retrogradely labeled at a higher percentage than small cells, which
in turn labeled at a higher percentage than ultra-small cells (Figure 3.5C). With
the data for all animals combined (1242 cells), I also performed a chi-square
analysis and found that all cell size groups label at different frequencies (χ2 =
148; d.f. = 2; p < 0.0005).
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Figure 3.4. Low power photomicrograph depicting CT-488 positive cells in the
lumbosacral spinal cord. Positively labeled cells are only found in Onuf’s
nucleus. Scale bar = 250 µm.

Figure 3.5. (A) Photomicrograph depicting cells in Onuf’s nucleus that were
retrogradely labeled with CT-488 after injection into the region of the perineal
muscles. (B) Photomicrograph of same section as in (A) after staining with
thionin. In (A) and (B), arrows indicate a retrogradely labeled small cell, and
asterisks indicate two non-retrogradely labeled cells. Scale bar = 50 µm. (C)
Mean (± SEM) percent of retrogradely labeled ultra-small cells, small cells, and
large motoneurons. Large motoneurons label with retrograde tracer at a higher
percentage than both ultra-small cells and small cells. In turn, small cells label at
a higher percentage than ultra-small cells. Bars with different letters are
significantly different from each other.
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Discussion
Based on the results of Chapter 2 of this dissertation, I hypothesized that
small cells in Onuf’s nucleus are triggered to become large motoneurons when a
naked mole-rat becomes a breeder. In this chapter, I came up with a definition of
small cells based on a detailed analysis of the distribution of all cells in Onuf’s
nucleus and asked whether small cells fit a neurochemical and/or functional
definition to be considered motoneurons.
Based on the cell size frequency distributions, there are in fact two
populations of cells under 350 µm2 in Onuf’s nucleus. While one of these
populations is similar in size and morphology to what I called small cells in
Chapter 2, the finer-grained analysis of this chapter and the increased quality of
the tissue sections revealed a population of even smaller cells. None of these
ultra-small cells labeled with SMI-32 and fewer than 5% of them were positive for
the retrograde tracer. Thus, these ultra-small cells are not motoneurons. It is
possible that they are oligodendrocytes and future studies could involve
immunolabeling with an oligodendrocyte marker. Most of the ultra-small cells
were probably not visible in the material available in Chapter 2 and therefore
were probably not included in counts of either “small cells” or large motoneurons.
It must be noted that there is a discrepancy between the results of the cell
size frequency distributions and my results from Chapter 2. Previously, I found
that the number of large motoneurons in Onuf’s nucleus increased by
approximately 40%, while small cells decreased by approximately 47% when
animals became breeders. Here, I found that the proportion of cells defined as
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large motoneurons increased by approximately 20%, while small cells decreased
by approximately 23%. Although the current results are in the same direction as
in Chapter 2, the effect here was only about half as large. This discrepancy
could partially be due to the fact that small cells in the current study had to have
clear nucleoli to be included, while previously, a small cell was included as long
as it had a soma. I changed the criteria for inclusion of a small cell because I
was concerned that I was identifying fragments of large motoneurons as small
cells in Chapter 2. Additionally, the current analysis does not include a group of
breeders identical to Chapter 2, as these animals were not available. It is
possible that if I had a group identical to Chapter 2, the results would be more
congruent.
In contrast to the absence of labeling of ultra-small cells, I found that
almost two-thirds of small cells (150-350 µm2) do indeed label with the
motoneuron marker SMI-32, indicating that these cells fit a neurochemical
definition of motoneurons. Many of these small cells also labeled after a
retrograde tracer injection into the perineum. Thus, at least some small cells in
Onuf’s nucleus are motoneurons by both the neurochemical and functional
definition of motoneurons. My findings are reminiscent of reports in bullfrogs,
where the late differentiation of so-called ‘Type-L’ cells is thought to augment
motoneuron number in the lumbar spinal cord as the animal grows (Farel, 1987;
Farel et al., 1993). Type-L cells do not meet the normal criteria for motoneurons,
but express motoneuron-specific markers (Farel et al., 1993), and are similar in
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appearance to the small cells in Onuf’s nucleus (see Figure 2.2 in this
dissertation and Figure 12 in Farel, 1987).
Although some small cells label with SMI-32, they label at a significantly
lower percentage than large motoneurons. One possible explanation is that all
small cells are motoneurons, but that they are less likely to label with SMI-32.
SMI-32 binds to nonphosphorylated intermediate filament proteins, which are
abundant in motoneurons. SMI-32 does not, however, bind to intermediate
filament proteins when they are phosphorylated (Sternberger and Sternberger,
1983), which could be the case for the small cells that do not label with SMI-32.
It is also possible that small cells do not make intermediate filament proteins and
therefore would not label with SMI-32. There is precedence for larger neurons to
stain more intensely for SMI-32 than smaller neurons (Campbell and Morrison,
1989; Tsang et al., 2000). Since I only classified a cell as SMI-32 positive if it
stained moderately or darkly with SMI-32, I could have excluded some small cells
due to lighter labeling.
Similarly, although some small cells did pick up the retrograde tracer,
indicating that these cells fit the functional definition of motoneurons, a lower
percentage of small cells labeled than large motoneurons (~35% versus ~56%,
respectively). This could be true for several reasons. It is possible that small
cells send projections to the region of the perineal muscles, but do not actually
innervate muscle fibers. My retrograde tracer injections were not targeted to
specific muscles, but were instead bolus injections of the perineal region.
Therefore, cells in the region of the muscles could have still picked up tracer, but
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maybe not as readily as cells that actually innervate muscles. It seems unlikely,
however, that small cells do not innervate any muscle, since motoneurons that do
not innervate target muscles die during development (reviewed in Oppenheim,
1991). It is also possible that small cells do not make as many contacts with
target muscles as large motoneurons, thereby leading to fewer small cells
labeling with the tracer. Fewer synapses might also mean that these cells have
less access to target-derived trophic factors, which could be one factor
contributing to their small size. One additional possibility is that small cells do
innervate perineal muscles, but these small cells do not transport retrograde
tracer as readily as large motoneurons. However, Leslie et al. (1991) compared
CT-horseradish peroxidase (CT-HRP) transport rates by perineal motoneurons in
castrated rats (in which perineal motoneurons are small) to transport in intact
animals (in which cells are large). They found that the tracer was transported at
the same rate by large and small motoneurons that innervate perineal muscles in
rats. In fact, their data suggest that smaller motoneurons might transport CTHRP at a slightly faster rate than larger motoneurons (Leslie et al., 1991). The
tracer used by Leslie et al. (1991) is a similar tracer to the one used in this
experiment, with a different tag for visualization.
Only about half of large motoneurons labeled following injection of the
retrograde tracer into the perineum. This was not surprising, as previous studies
found that injection of cholera toxin into the perineal muscles resulted in labeling
of approximately 25% of SNB motoneurons (Kurz et al., 1986). This study used
smaller volume injections of the retrograde tracer, possibly explaining why my
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injections yielded a higher percentage of labeled cells. When cholera toxin is
applied directly to a cut nerve close to muscle, approximately 70% of
motoneurons labeled with the tracer (Nicolopoulos-Stournaras and Iles, 1983).
Thus, my yield is in the range of what was seen previously.
My analyses suggest that at least some cells identified as “small cells” in
Onuf’s nucleus can be considered motoneurons. But there was still a significant
population of small cells that did not label with SMI-32 and a significant
population that did not label with CT-488. The small cells that did not label with
either marker could constitute a different population of cells in Onuf’s nucleus.
They probably are not sympathetic neurons, as these neurons are not found in
the ventral horn of the spinal cord (Altman and Bayer, 2001), but could be
interneurons. In the ventral horn, excitatory and inhibitory interneurons of varying
sizes and shapes are found surrounding motor pools (Altman and Bayer, 2001).
These interneurons outnumber motoneurons 30:1 (Gelfan et al., 1970) and are
believed to function as central pattern generators (Altman and Bayer, 2001).
However, I find small cells within Onuf’s nucleus, whereas interneurons are
traditionally found surrounding motor pools (Altman and Bayer, 2001).
It is possible that SMI-32 and/or CT-488 positive small cells in Onuf’s
nucleus of naked mole-rats are gamma motoneurons. These are a different type
of motoneuron which are smaller than alpha motoneurons, and modify the stretch
reflex (Altman and Bayer, 2001). Ishihara et al. (1997) used ~ 500 µm2 as a
cutoff to distinguish between large alpha motoneurons and smaller gamma
motoneurons in rats. Therefore, based on size alone, my designation for small
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cells is more in line with gamma motoneurons than with alpha motoneurons. But
it is important to consider that Ishihara et al. (1997) examined rats (which are
much larger than naked mole-rats) and the tissue was treated differently.
Perhaps more important, the LA and BC do not contain intrafusal muscle fibers,
at least in rats, and correspondingly, gamma motoneurons are absent from the
SNB (Ishihara et al., 1997). I cannot rule out the possibility that perineal muscles
in naked mole-rats contain intrafusal muscle fibers, but I have not noticed such
fibers in my analyses.
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CHAPTER 4
WHAT CAUSES THE NEUROMUSCULAR CHANGES ASSOCIATED WITH
THE TRANSITION TO BREEDING STATUS IN NAKED MOLE-RATS?
Introduction
When a naked mole-rat transitions to breeding status, the number of large
motoneurons in Onuf’s nucleus increases, the number of cells designated as
“small cells” in Onuf’s nucleus decreases, and perineal muscles increase in size
(Chapter 2; Seney et al., 2006). In addition, Melissa Holmes in the Forger lab
found a similar pattern of results in the brain: effects of breeding status, but not
of sex. Specifically, breeders of both sexes had more cells in the ventromedial
nucleus of the hypothalamus and a larger volume of the bed nucleus of the stria
terminalis, paraventricular nucleus, and medial amygdala (Holmes et al., 2007).
This raises the question of what triggers breeder-like changes in perineal
muscles and cells in Onuf’s nucleus. Although hormones immediately come to
mind, the changes we observed may not be hormone dependent, or at least not
solely dependent on hormones; breeding experience or social status, per se,
may also play a role. In species with a strict reproductive hierarchy, social
signals may be as important as gonadal hormones in determining physiological
and behavioral changes. For example, African cichlid fishes exhibit changes in
neuron size in response to a change in status (Francis et al., 1993), and in fishes
undergoing sex-role changes in response to social cues, changes in neuron size
and/or neuronal gene expression can be independent of the gonads (Semsar
and Godwin, 2003). Only a single previous study has manipulated gonadal
hormones in naked mole-rats. Goldman et al. (2006) found that established
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breeders retain their status in the colony (as defined on the basis of genital
nuzzling, a behavior restricted to the breeding pair) for at least several months
after gonadectomy of both members of the pair. Additionally, subordinate males
implanted with testosterone do not exhibit genital nuzzling or mating behavior
and are not attacked or treated differently by colony members (B Goldman and S
Goldman, unpublished observations). Thus, social cues may play a more
important role than hormones in the development and maintenance of naked
mole-rat breeders.
In this Chapter, I tested three hypotheses regarding what causes the
changes in perineal muscle and motoneuron morphology seen in breeders in my
previous study. Hypothesis 1 is that removal from the natal colony and pairing
with an opposite sex mate is sufficient to cause the changes. To test this, I
compared subordinates to animals that had been paired for many months but
had not produced a litter. For any dependent measure in which pairing was not
sufficient, I tested Hypothesis 2, that production of a litter is required to cause the
changes previously seen in breeders by comparing non-breeders (subordinates
and paired animal) to breeders (intact and gonadectomized breeders). Finally,
for any measure in which I found group differences, I tested Hypothesis 3, that
the gonads are necessary to maintain changes in the muscles and motoneurons
of breeders. To test Hypothesis 3, I compared intact breeders to
gonadectomized breeders.
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Methods
Animals
Animals were collected as in Chapter 2. Groups included subordinate males (N
= 4) and females (N = 4), paired animals (N = 5 for males and N = 6 for females),
breeders (N = 6 for each sex), and gonadectomized breeders (N = 3 for each
sex). Subordinates were animals that remained in their natal colonies (3-6 years
old). Paired animals (2-11 years old) were removed and paired for at least 15
months (up to 40 months) with opposite sex mates, but had never produced a
litter. Intact breeders (5-6 years old) were animals that were paired for at least 7
months (up to 70 months) and produced at least 1 litter, but did not raise any of
the litters born. Gonadectomized breeders were the same animals in the
behavior study by Goldman et al. (2006). They had been paired for at least ten
years and were approximately 12 years old, had produced and raised at least
one litter, and were living with their offspring in a colony setting. Gonadectomy
was then performed via an abdominal incision. Animals were examined at least
one year after gonadectomy.
Subordinates, paired animals, and intact breeders did not differ
significantly in mean age, although gonadectomized breeders were significantly
older than all other groups. Paired animals and intact breeders did not differ in
the amount of time paired, while gonadectomized breeders were paired
significantly longer than the other groups. Due to the scarcity of animals, I did
not have the luxury of including a group of successful breeders that had
produced and raised young, were living in the colony with subordinates, and
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were still gonadally intact. As described below, the absence of this positive
control group poses problems in interpreting some outcomes of this study (i.e.
those in which the dependent measure did not vary significantly across groups),
but not others.

Cell size
Spinal cords were processed as in Chapter 2 and sections stained with KlüverBarrera. Spinal cord sections containing Onuf’s nucleus were assessed for cell
size using StereoInvestigator software (Micro Bright Field, Inc., Williston, VT).
Klüver-Barrera is a combined Nissl and myelin stain in which Onuf’s nucleus in
other species stands out as a myelin-poor region surrounded by a halo of fibers.
For this chapter, I optimized the Klüver-Barrera staining so that I could see the
“halo” that marks Onuf’s nucleus in naked mole-rats and I used the halo to define
the nucleus here. The improved staining also allowed me to see nuclei and
nucleoli in almost all cells within Onuf’s nucleus (and to see the ultra-small cells
described in Chapter 3). I traced all cells within the halo of Onuf’s nucleus that
contained nucleoli. As above, I calculated for each animal the percent of cells
that were “small cells” (between 150 and 350 µm2). A similar cell size analysis
was performed for the RDLN, a motor pool in the lateral motor column at the
same level as Onuf’s nucleus that innervates muscles of the hindfoot in other
rodents (Nicolopoulos-Stournaras and Iles, 1983; Mutai et al., 1986).
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Morphology of perineal muscles
Sections containing the perineal muscles were stained with Gomori’s Trichrome,
as in Chapter 2. The LA, IC, and UM muscles were traced in sections spaced
400µm apart through the perineum. Volume was determined by summing crosssectional areas and multiplying by the distance between traced sections.

Data analysis
In Chapter 2, I found no effect of sex on small or large cells in Onuf’s nucleus or
the RDLN. Similarly, here there was no effect of sex on percent small cells in a
2-way ANOVA (sex-by-group). Therefore, the percent of small cells in Onuf’s
nucleus and the RDLN were analyzed by 1-way ANOVAs (by group), followed by
planned comparisons to test my three hypotheses. In Chapter 2, I found a sexby-status interaction on volume of the LA muscle. I therefore used 2-way
ANOVAs, followed by planned comparisons, to analyze muscle volumes here.

Results
Small cells in Onuf’s nucleus
I analyzed the percent of small cells in Onuf’s nucleus in subordinates, paired
animals, intact breeders, and gonadectomized breeders. The percent of small
cells was significantly different across groups, as revealed by 1-way ANOVA (p =
0.023; Figure 4.1). Post-hoc analysis showed that this effect was due to
subordinates having a higher percentage of small cells than all other groups (p <
0.05 vs paired animals and vs intact breeders; p < 0.01 vs gonadectomized
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breeders). This supports Hypothesis 1, that removal from the natal colony and
pairing with an opposite sex mate is sufficient to cause changes in the percent of
small cells in Onuf’s nucleus (Table 4.1). Because the paired and intact breeder
groups did not differ, there is no evidence that having pups further decreases the
percent of small cells. I next tested Hypothesis 3 by comparing the percent of
small cells in intact breeders to gonadectomized breeders and found that these
groups were not significantly different from each other (Figure 3.1; p > 0.15).
Thus, the gonads are not necessary to maintain changes in the percent of small
cells of breeders (Table 4.1).

Figure 4.1. Mean (± SEM) percent of small cells in Onuf’s nucleus. There was
an effect of group on percent of small cells (p = 0.023), with paired animals, intact
breeders, and gonadectomized (GDX) breeders having a smaller percentage of
small cells than subordinates. None of the paired groups differed from each
other on this measure.
The RDLN also contains a population of cells in the 150-350 µm2 range.
However, cell size analysis revealed no effect of group on percent of small cells
in the RDLN (p > 0.75; Figure 4.2).
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Figure 4.2. Mean (± SEM) percent of small cells in the RDLN. There was no
effect of group on percent of small cells (p > 0.75).
Perineal muscle volumes
I initially compared IC, UM, and LA volumes across all four groups using
2-way ANOVAs (sex-by-group). Unfortunately, muscle sections were not usable
from one gonadectomized female breeder, leaving only two animals and a very
high SEM in this group. If I proceed with the 2-way ANOVA despite this limitation,
I find that for IC muscle volume, there were no significant differences and no
interaction, although I note trends for effects of both sex (p = 0.079; male >
females; Figure 4.3A) and group (p = 0.069). For UM volume, there is a trend for
a sex difference (p = 0.075; female > male; Figure 4.3B), no effect of group (p >
0.5) and no sex-by-group interaction (p > 0.6). For LA volume, there are no
significant differences for sex (p > 0.40) or group (p > 0.80), and no sex-by-group
interaction (p > 0.2).
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Figure 4.3. Mean (± SEM) IC (A) and UM (B) volumes (mm3) of female and
male naked mole-rats. There were trends for larger IC muscles in males and
larger UM muscles in females, but these did not reach significance in the 2-way
ANOVA.
Hypothesis 1: To test the hypothesis that removal from a colony and
pairing with an opposite sex mate is sufficient to cause changes in perineal
muscle volumes, I used 2-way ANOVAs to compare each muscle in male and
female subordinates and paired animals. The hypothesis is supported if there is
an effect of pairing, or a sex-by-pairing interaction in this analysis. For IC
volume, I found no effect of pairing (Table 4.1) or sex-by-pairing interaction. The
same was true for UM and LA volumes (Table 4.1). Thus, the data do not
support Hypothesis 1 that pairing is sufficient for changes in size of any of the
muscles.
Hypothesis 2: Since Hypothesis 1 was not supported, I proceeded to
Hypothesis 2, that having pups is necessary to cause changes in perineal muscle
volumes. To test this hypothesis, I compared non-breeders (subordinates and
paired animals) to breeders (intact and gonadectomized breeders). The ANOVA
revealed an effect of having pups on IC volume, with animals that produced
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litters having larger IC volumes than those that did not produce litters (Table 4.1;
Figure 4.4). There was no sex-by-pups interaction on IC volume. For UM
volume, there was no effect of having pups (Table 4.1) and no sex-by-pups
interaction (Table 4.1).

Figure 4.4. Mean (± SEM) IC muscle volumes (mm3) in non-breeders
(subordinates and paired animals) versus breeders (intact and gonadectomized
breeders). Breeders had larger IC volumes than non-breeders (p < 0.015).
With respect to LA volume, I found no effect of reproductive status, but
there was a significant sex-by-reproductive status interaction (Table 4.1; Figure
4.5A). This was due to the fact that females that reproduced had larger LA
volumes than females that did not reproduce (p < 0.02), whereas the same was
not true for males. This was similar to my observation in Chapter 2, of a sex-bystatus effect on LA size: again, the LA was increased in female breeders, but not
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in males, in the previous study (Figure 2.4 is reprinted below for comparison with
the current data).

Figure 4.5. (A) Mean (± SEM) LA muscle volume (mm3) in non-breeders
(subordinates and paired animals) and breeders (intact and gonadectomized
breeders). There was a sex-by-reproductive status interaction, with female
breeders having larger LA muscles than male breeders and female nonbreeders. Bars with the same letters are not significantly different from each
other. (B) Reprint of Figure 2.4 from this dissertation showing that the LA
increases in size in breeder females but not males.
Hypothesis 3: Finally, I tested the hypothesis that gonads are necessary to
maintain changes in muscle volumes by comparing intact breeders to
gonadectomized breeders. There was no effect of gonadectomy on the size of
the IC or LA muscles (Table 4.1). Since I did not find any effect of pairing or
having pups on UM volume, I did not test Hypothesis 3 for the UM.
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Table 4.1. Results for percent small cells in Onuf’s nucleus as well as IC, UM,
and LA muscle volumes after testing various hypotheses.

Hypothesis 1:
Pairing
sufficient
(subs vs. paired
animals)
Hypothesis 2:
Having pups
necessary
(non-breeders
vs. breeders)
Hypothesis 3:
Gonads
necessary
(intact vs GDX
breeders)

% small cells

IC

UM

LA

Yes

No

No

No

----

Yes

No

Yes for
female

No

No

----

No

Discussion
In this Chapter, I examined cells in Onuf’s nucleus and volumes of
perineal muscles in several groups of naked mole-rats: subordinates, paired
animals, intact breeders, and gonadectomized breeders. Although this study did
not contain a group identical to the breeders of Chapter 2 (which were gonadally
intact and living with their offspring in a colony setting), the experimental design
allowed me to test several hypotheses about what causes the changes in
motoneurons and muscles seen previously in breeders and whether these
changes are permanent. I found that pairing is sufficient to cause changes in cell
size in Onuf’s nucleus and that the production of offspring may be necessary for
increases in IC and LA (female only) muscle volumes. Gonadectomy of breeders

68

did not reverse any changes in Onuf’s nucleus or perineal muscles. These
results are discussed and compared to the outcomes of Chapter 2 below.

Small cells in Onuf’s nucleus
I found that paired animals, intact breeders, and gonadectomized breeders all
had lower percentages of small cells in Onuf’s nucleus than subordinates. The
fact that paired animals had a lower percentage of small cells than subordinates
supports the hypothesis that pairing is sufficient to cause breeder-like changes in
Onuf’s nucleus. This result is reminiscent of work by Dengler-Crish and Catania
(2007) on vertebral lengthening in naked mole-rats. They found that removal
from the natal colony and pairing with a male is sufficient to cause vertebral
lengthening in females, even before pregnancy occurs (Dengler-Crish and
Catania, 2007). Either removal from suppression or pairing could account for the
changes Dengler-Crish and Catania (2007) found.
I also tested whether the gonads are required to maintain changes in
small cells in Onuf’s nucleus (Hypothesis 3). Since intact breeders did not differ
from gonadectomized breeders, I can reject this hypothesis. Although I can not
rule out the possibility that I did not wait long enough after gonadectomy, this
seems unlikely, since animals were gonadectomized more than one year prior to
sacrifice. The fact that the gonads are not required to maintain the change in
percent small cells is surprising. As far as I am aware, gonadectomy of males
reduces cell size in the SNB of all other species examined (rats: Breedlove and
Arnold, 1981; gerbils: Fraley and Ulibarri, 2002; white-footed mice: Forger and
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Breedlove, 1987; Siberian Hamsters: Hegstrom et al., 2002) and this effect is
seen within four weeks in rats (Hamson et al., 2009). On the other hand, no sex
differences are seen in mean cell size in Onuf’s nucleus of dogs, humans, or
hyenas (Forger and Breedlove, 1986; Forger et al., 1996a), suggesting that there
may not be activational effects of hormones on motoneuron size in these
species. However, the effect of castration on cell size in Onuf’s nucleus has not
been tested.
The fact that the gonads are not necessary to maintain breeder-like
changes in small cell percentages is similar to the results on genital nuzzling in
naked mole-rats. Goldman et al., (2006) found that genital nuzzling, a behavior
exhibited by the breeding pair, still occurs after both established breeders are
gonadectomized, indicating that the gonads are not necessary for maintenance
of this behavior. In fact, the animals in the Goldman et al. (2006) study are the
same gonadectomized breeders that were used in the current experiment. The
changes that I see in percent of small cells when an animal is removed from the
natal colony and paired with an opposite sex mate implies a late organizational
effect on cell size in Onuf’s nucleus, since the gonads are not required to
maintain these changes. I do not know if the gonads are required to establish
these changes in the first place, as all animals were gonadally intact at pairing.
Future experiments could test the hypothesis that the gonads are required to
initiate changes in the percent of small cells in Onuf’s nucleus by examining
motoneurons in animals gonadectomized prior to pairing.
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Perineal muscle volumes
My initial analysis of perineal muscle volumes involved a comparison of all
groups (sex-by-group ANOVA) and yielded no significant results. One problem
with this analysis was that it included only 2 female gonadectomized breeders
and the SEM of this group was enormous. There were, however, several trends
for differences in muscle volumes due to sex, group, or sex-by-group
interactions. Notably, there was a trend for an effect of sex on IC volume, with
males having larger muscles than females. This result is similar to that of
Chapter 2, where I also found a trend for males to have larger IC muscles than
females. Thus, although no study has found significant sex differences in IC
muscle size, with a large enough sample size one might find greater IC volume in
male naked mole-rats. This is nonetheless different from the marked or absolute
sex differences in IC volume in other rodents.
In testing my specific hypotheses about what could be causing the
changes in perineal muscle volumes that I found in Chapter 2, the female
gonadectomized breeder group was combined with other groups for most
analyses, leading to a greater chance that I would see significant results. To test
Hypothesis 1, that pairing is sufficient to cause the changes in perineal muscle
volumes I previously saw in Chapter 2, I compared subordinates to paired
animals. I found no effect of pairing on IC, UM, or LA size, leading me to
conclude that pairing is not sufficient to cause changes.
However, in support of Hypothesis 2, that having pups is required to cause
changes in perineal muscle volumes, the two groups that produced pups did
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have significantly larger IC volumes compared to non-breeders. The fact that the
current study found a significant effect of breeding status on IC volume where
Chapter 2 did not might be due to an increase in the number of animals in each
group. Additionally, I had to eliminate several animals with an incomplete IC from
my analysis of IC volume in Chapter 2. Since the IC is the most lateral muscle I
examined (see Figure 2.4A), it was prone to being cut off. It is possible that this
disproportionately affected animals with larger muscles, which would reduce the
chance of seeing a difference.
In testing Hypothesis 2, I found a significant sex-by-pups interaction on LA
volume. This was due to an increase in LA size in female, but not male breeders.
These results for LA volume are very similar to those of Chapter 2 (compare
Figures 4.5A to 4.5B), in which I found a sex-by-status interaction, with the LA
increasing in size in female but not male breeders. This suggests that
pregnancy, giving birth, or copulation causes an increase in LA volume in
females.
In Chapter 2, I found an effect of status on UM volume, with breeders
having larger UM sizes than subordinates. Here, I did not find a significant
difference between breeders and non-breeders on UM volume. As mentioned
above, the breeders in this study are not identical to those in Chapter 2. In my
original study, the breeders had produced pups, raised them, were living with
these animals as subordinates, and were gonadally intact. Therefore, it is
possible that raising pups is required to show changes in UM volume and that the
gonads are required to maintain these changes.
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When I tested Hypothesis 3, I found that the gonads were not required to
maintain the changes in IC or LA muscle volume. Thus, if the gonads are
required for maintaining increases in UM size, this requirement is unique to that
muscle. The fact that gonadectomy in naked mole-rats does not result in a
decrease in perineal muscle size is interesting. In rats and mice, gonadectomy
of adult males causes a dramatic decrease in perineal muscle size (Wainman
and Shipounoff, 1941; Venable, 1941). The perineal muscle complex decreases
to approximately one-quarter its original weight in castrated male rats. Within
each perineal muscle, fiber width decreases after castration, with no apparent
change in fiber number. The decrease in fiber width as well as perineal muscle
complex weight, is prevented with testosterone treatment (Wainman and
Shipounoff, 1941). Whether gonadectomy affects perineal muscle size in
species with Onuf’s nucleus, such as humans and canines, remains unknown.
As was true for the small cells in Onuf’s nucleus, it is still possible that the
gonads are required to cause the increase in IC or LA volume in the first place.
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CHAPTER 5
SOCIAL STRUCTURE PREDICTS GENITAL MORPHOLOGY IN AFRICAN
MOLE-RATS
Introduction
Sex differences in the external genitalia and in muscles associated with
the genitalia are nearly universal among mammals. Males commonly have a
larger phallus (used here to denote either the penis or clitoris) and/or anogenital
distance than females (Tullberg, 1899). Striated muscles that attach to the
phallus, such as the bulbocavernosus (BC; also known as bulbospongiosus),
ischiocavernosus (IC), and levator ani (LA; sometimes referred to as the dorsal
BC; Hayes, 1965; Poortmans and Wyndaele, 1998; Figure 5.1), are also much
larger in males; in fact, these muscles are absent or vestigial in females of many
rodents (Čihák et al., 1970; Greene, 1935).
The morphology and function of the striated perineal muscles have been
best studied in rats. The BC and LA attach exclusively to the bulb of the penis,
whereas the IC attaches at its distal end to the corpora cavernosa and at its
proximal end to the ischium (Hart and Melese-D’Hospital, 1983; Holmes and
Sachs, 1994; Sachs, 1982; Figure 5.2A, B). These muscles are rhythmically
active during penile erection and ejaculation in rats, dogs, and humans (Hart,
1972; Hart and Melese-D’Hospital, 1983; Karacan et al., 1983; Sachs, 1982), and
surgical removal severely impairs fertility in male rats (Sachs, 1982).
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Figure 5.1 Muscles of human male perineum. From Gray, 1918.

Figure 5.2. Anatomy of the striated penile muscles and erectile bodies of the
penis of the rat. (A) Dissection of muscles. (B) View of erectile bodies after
removal of striated muscles. (C) Exploded view of erectile bodies with corpus
cavernosum penis rotated dorsally and the corpus spongiosum penis rotated
ventrally. From Hart and Melese-d’Hospital,1983.
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We have found a surprising lack of sex differences in the external genitalia
and perineal muscles of naked mole-rats (Peroulakis et al., 2002; Chapter 2 of
this dissertation), which might be related to their unusual social structure. The
diversity of social organizations within the Bathyergids allows for the opportunity
to test the association between sexual dimorphism and degree of sociality, as
species range from eusocial to solitary. Recently, Parag et al. (2006) found that
degree of sociality in African mole-rats was correlated with penile ornamentation:
the 2 solitary species examined possessed penile spines, while 2 social species
lacked spines. Here, I compared the external genitalia and perineal muscles in
three species: naked mole-rats, Damaraland mole-rats (Fukomys damarensis;
formerly Cryptomys damarensis; Kock et al., 2006), and silvery mole-rats
(Heliophobius argenteocinereus). Like naked mole-rats, Damaraland mole-rats
are considered eusocial: they live in colonies of about 16 individuals (up to 41
individuals), comprised of a single breeding female (the queen), one to three
breeding males, and non-reproductive subordinates (Jarvis and Bennett, 1993).
Compared to naked mole-rats, however, Damaraland mole-rats have significantly
less reproductive skew (i.e. a higher percentage of individuals will breed; ~10% in
Damaraland mole-rats and 1% in naked mole-rats; Faulkes and Bennett, 2001;
Jarvis et al., 1994). At the other extreme, silvery mole-rats are solitary (Bennett
and Faulkes, 2000), and all individuals that attain adult body size may potentially
reproduce.
I reasoned that if the lack of sex differences in genitalia and perineal
muscles seen in naked mole-rats is a common feature of African mole-rats, then
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all three species would lack these sex differences. Alternatively, if the absence of
sex differences in naked mole-rats is due to their social and breeding system, I
might observe sex differences in solitary silvery mole-rats and Damaraland molerats might be intermediate. My results support a relationship between sex
differences and social structure.

Methods
Animals
The phylogenetic relationships between the three African mole-rats used in this
study are shown in Figure 5.3.

Figure 5.3. (A) Phylogenetic relationships and approximate divergence times of
African mole-rat species and one outgroup species (Hystrix africaeaustralis).
Divergence times assume a molecular clock calibration of between 40 and 48
million years (myr) for the basal node within the family. The three species
compared in the current study are members of the genera highlighted in blue.
Adapted from Faulkes et al., 2004. (B-D) Photographs of a (B) Damaraland
mole-rat (Fukomys damarensis), (C) silvery mole-rat (Heliophobius
argenteocinereus), and (D) naked mole-rat (Heterocephalus glaber). Photograph
credits: (B) and (C) by Sharry Goldman; (D) by Radim Šumbera.
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Naked mole-rats: Colonies were maintained at the University of
Connecticut, Storrs, as described above. All animals were of adult body size
(22-67g) and ranged in age from 1 and 12 years.
Damaraland mole-rats: Colonies were maintained at Storrs in tubs as
described for naked mole-rats and fed ad libitum on a diet consisting of sweet
potato supplemented with other vegetables, cereal, and cornmeal. Rooms were
maintained on a 16:8 light/dark photoperiod at 22-26°C. All animals were adults
between 1 and 8 years of age and 98-254g body mass.
Silvery mole-rats: Animals were collected in the wild in 2000 by Radim
Šumbera (University of South Bohemia, Czech Republic). They were trapped in
Malawi at two sites: Blantyre-Limbe and Mulanje, Chipoka village (for details on
particular locales, see Šumbera et al., 2007). Although ages of the individuals
were not known, all were of adult body size (135-276g) and appearance and thus
were presumably at least six months old.
Tissue collection and processing: For naked and Damaraland mole-rats,
perineums were dissected out of freshly killed specimens, immersion fixed in
formalin, transferred to Bouin’s solution for 2 weeks, and stored in 70% ethanol.
Silvery mole-rats killed in the field were initially preserved in 70% ethanol. Upon
arrival at the University of Massachusetts, tissues were switched to Bouin’s
solution for 2 weeks, and stored in 70% ethanol prior to processing. For
microscopic analyses of perineal structures, blocks of tissue were embedded in
paraffin, sectioned at 10 µm, and mounted on gelatin-subbed slides. Sections
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were stained with Gomori’s trichrome to enhance the detection of muscle
striations.

Morphology of the external genitalia and perineal muscles
Anogenital distance and phallus length were measured in all three species using
dial calipers and genitalia were digitally photographed (Canon Powershot A650
IS attached to a dissecting microscope). Anogenital distance was defined as the
distance between the center of the anal opening to the center of the base of the
phallus. Phallus length was defined as the distance between the base and tip of
the phallus. All measures were performed on live animals, except for phallus
length in silvery mole-rats which was measured following fixation. Tissues from a
small number of animals from each species (n = 2 per sex) underwent gross
dissection to examine the overall morphology of the phallus, perineal muscles,
and supporting structures; drawings were made of these dissections.
I, and others in the Forger lab, previously quantified perineal muscle
volumes in naked mole-rats (Peroulakis et al., 2002; Chapters 2 and 4 of this
dissertation). In the present study, I measured the IC and UM muscles in
Damaraland and silvery mole-rats. Each muscle was traced in sections spaced
400 µm apart through the perineum. Volume was determined by summing crosssectional areas and multiplying by the distance between traced sections, as
previously (Chapters 2 and 4). Because the IC was similar in morphology and
attachment sites in all three species, I also compared the absolute IC volume and
IC volume corrected for body weight in males across species.
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Data analysis
For naked and Damaraland mole-rats, anogenital distance and phallus length
were compared by 2-way ANOVA (sex-by-status). Silvery mole-rats do not have
animals of different social status; I therefore compared anogenital distance and
phallus length in male and female silvery mole-rats by independent 2-tailed ttests. Sex differences in volume of the perineal muscles within a species were
tested using independent t-tests. IC muscle volumes were compared across
species using a 1-way ANOVA, followed by planned comparisons using Fisher’s
Least Significant Difference. Means were reported ± SEM and p < 0.05 was
considered statistically significant.

Results
External genitalia
Naked mole-rats: As reported previously, the external genitalia are
remarkably monomorphic in naked mole-rats (Jarvis, 1981; Peroulakis et al.,
2002). Both subordinate and breeding males are non-scrotal and the external
penis consists of a small genital mound just superior to and abutting the anal
mound (Fig. 5.4A). Female subordinates have an imperforate vagina, which
opens only if a female becomes a queen (Jarvis, 1981) and the external genitalia
of females are nearly identical to those of males (Fig. 5.4B). I found no effect of
sex (p > 0.25) or status (p > 0.45), and no sex-by-status interaction (p > 0.95) on
phallus length (Table 5.1). I did find a small (0.54 mm), but consistent, effect of
sex on anogenital distance (p < 0.002), although in contrast to most rodents,
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anogenital distance was actually greater in females than in males. I attribute the
slightly increased anogenital distance in naked mole-rat females to the presence
of the vagina (or future vaginal opening) that increases the space between the
rectum and urethra (Figure 5.4B). I also found an effect of status (p < 0.01), with
breeders having larger anogenital distances than subordinates, with no sex-bystatus interaction (p > 0.75).
Damaraland mole-rats: Similar to naked mole-rats, Damaraland mole-rats
are non-scrotal; the vagina is imperforate in subordinates and open in breeders.
However, in contrast to naked mole-rats, males and females are easily
distinguished by simple visual inspection (Figure 5.4C, D) and phallus length and
anogenital distance are sexually dimorphic in the traditional mammalian pattern
(Table 5.1). Males had greater phallus lengths than females (p < 0.001), with no
effect of status (p > 0.8) and no sex-by-status interaction (p > 0.4). Males also
had greater anogenital distances, with no effect of status (p > 0.9) and no sex-by
status interaction (p > 0.6) on this measure.
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Figure 5.4. External genitalia in three African mole-rat species. Naked mole rat
male (A) and female (B); Damaraland mole-rat male (C) and female (D); Silvery
mole-rat male (E) female (F). Brackets indicate anogenital distance. Asterisk in
B indicates site of the imperforate vagina. Abbreviations: A, anus; AM, anal
mound; GM, genital mound; Ph, phallus. Scale bars: 3 mm for A-D; 2 mm for E
and F.
Silvery mole-rats: Silvery mole-rat males are non-scrotal, but the external
genitalia are readily distinguishable between the sexes (Figure 5.4E, F). Males
have significantly longer phalluses and anogenital distances than females (p <
0.01 for both comparisons; Table 5.1). The vagina was perforate in all specimens
examined.
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Table 5.1. Mean (± SEM) anogenital distance (AGD) and external phallus length
in naked, Damaraland, and silvery mole-rats.
AGD (mm)

Phallus length (mm)1

Naked mole-rats
♀ subordinates (n = 5)

2.78 ± 0.08

1.80 ± 0.10

♀ breeders (n = 6)

3.28 ± 0.15

1.88 ± 0.10

♂ subordinates (n = 4)

2.28 ± 0.17

1.93 ± 0.10

♂ breeders (n = 6)

2.70 ± 0.17

2.02 ± 0.13

Damaraland mole-rats
♀ subordinates (n = 5)

5.30 ± 0.21

3.14 ± 0.15

♀ breeders (n = 5)

5.20 ± 0.12

2.82 ± 0.15

♂ subordinates (n = 5)

6.66 ± 0.19

5.32 ± 0.33

♂ breeders (n = 5)

6.80 ± 0.36

5.54 ± 0.55

♀ (n = 11)

5.46 ± 0.17

2.10 ± 0.15

♂ (n = 8)

6.28 ± 0.19

3.35 ± 0.26

Silvery mole-rats

1All

measures were performed on live specimens except for phallus length in silvery mole-rats,
where measures were post-fixation. Thus, shrinkage due to fixation may have reduced phallus
length measures in silvery mole-rats, but presumably did so to a similar extent in males and
females.

Internal penis morphology
For analysis of penile structure, I collaborated with Dr. Diane Kelly, an expert in
comparative penile morphology. Kelly examined sections that I had cut through
the penis of each subject and stained with Gomori’s trichrome. She found that
most aspects of internal penile morphology were similar across naked,
Damaraland, and silvery mole-rats. As in other mammals, the penile shaft
contains a pair of hydrostatic erectile elements: the corpus cavernosum penis
and the corpus spongiosum penis (Figure 5.2C, 5.5). The corpus cavernosum is
made up of a thick collagenous membrane that surrounds a mass of highly
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vascularized tissue. The proximal end of the corpus cavernosum splits into a pair
of crurae; each crura is attached to the surface of the ipsilateral ischium by a
short, broad ligament.

Figure 5.5. Comparison of penile structures in naked (A), Damaraland (B,D,F),
and silvery mole-rats (C,E,G). (A-C) Photomicrographs depicting the structure of
the corpora cavernosa and corpus spongiosum. In each species, the corpora
cavernosa are seen above the urethra, surrounded by a thick collagen
membrane. The corpora spongiosa are primarily found below and around the
urethra. In the naked mole-rat (A), the band of tissue that holds the corpus
spongiosum to the corpora cavernosa persists proximally and encloses the
corpus spongiosum as well as the paired urethral muscles. The urethral muscle
does not extend as far distally in Damaraland mole-rats (B) or silvery mole-rats
(C). In Damaraland (D) and silvery mole-rat (E) males, the vascular tissue of the
corpus spongiosum expands ventrally to form a small penile bulb to which LA
muscle fibers attach, as in other rodents. (F) Higher power view of the section in
(D), showing the bulb of the penis and the LA attaching to both this structure
(asterisk) and the corpus cavernosum. (G) Higher power view of the section in
(E), showing the bulb of penis and the LA attaching solely to this structure
(asterisk). Abbreviations: BP, bulb of penis; CC, corpora cavernosa; CS, corpus
spongiosum; IC, ischiocavernosus; LA, levator ani; R, rectum; U, urethra. Scale
bars in A-C, F, G = 500 µm; D, E = 1 mm.
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The corpus spongiosum is found immediately ventral to the corpus
cavernosum, and like the corpus cavernosum, is made up of a collagenous
membrane surrounding vascularized tissue, but its membrane is noticeably
thinner. The urethra runs through the corpus spongiosum, entering the erectile
structure proximally and traveling through the vascularized tissue to exit at the
distal end of the penis.
Differences in internal penile morphology among the three species are
found primarily in the corpus spongiosum. In silvery and Damaraland mole-rats,
the collagenous tissue that holds the spongiosum against the shaft of the corpus
cavernosum disappears proximally and the vascular tissue of the corpus
spongiosum expands ventrally to form a small penile bulb, as in most mammals
(Figure 5.5). The bulb region is approximately three times larger in the silvery
mole-rat than in the Damaraland mole-rat (data not shown). In contrast, naked
mole-rats lack a penile bulb. Instead, the band of tissue that holds the corpus
spongiosum to the corpus cavernosum persists proximally and encloses the
corpus spongiosum as well as the paired urethral muscles (UM; see below).

Morphology of the perineal muscles
In naked mole-rats, I identified three striated perineal muscles: the IC, LA, and
UM (Figure 5.6; see also Peroulakis et al., 2002 as well as Chapters 2 and 4).
The IC has the same attachment sites as in other rodents (the corpus
cavernosum penis or corpus cavernosum clitoridis and the ischium). The BC
wraps around the penile bulb in other species and, as mentioned above, naked
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mole rats lack a bulb of the penis (Hill et al., 1957; Peroulakis et al., 2002). Thus,
no BC is identified in naked mole-rats. However, I do find a striated muscle that
encircles the urethra and proximate corpus spongiosum that I refer to as the UM.
An LA is identified in naked mole-rats as a band of muscle that loops around the
rectum dorsally, with ventral attachment sites to the corpus cavernosum (Figure
5.6), rather than to the penile bulb. These muscles are compared in the three
species, below.
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Figure 5.6. Schematic depictions of sections through the perineal muscles in
males and females of three African mole-rat species. Dorsal is down. (A, B)
Naked mole-rat males (A) and females (B). The LA loops around the rectum and
attaches to the corpus cavernosum penis or corpus cavernosum clitoridis; there
is no visible raphe connecting the left and right LA halves dorsal to the rectum.
The IC attaches to the corpus cavernosum and the ischium (not shown), and the
UM wraps around the urethra. (C, D) Damaraland mole-rats. In males (C), some
LA fibers attach to the corpus cavernosum penis and others to the bulb of penis.
In females (D), the LA attaches solely to the corpus cavernosum clitoridis. In
both sexes, the two halves of the LA are connected by a raphe dorsal to the
rectum and the IC attaches to the corpus cavernosum and the ischium (not
shown). No UM is present at this level in males, but more proximally the UM
wraps around the urethra of both sexes. (E, F) Silvery mole-rats. In males (E),
the LA attaches solely to the bulb of penis, and in females (F), it attaches solely
to the corpus cavernosum clitoridis. In both sexes, the two halves of the LA are
connected by a raphe dorsal to the rectum and the IC attaches to the corpus
cavernosum and the ischium (not shown). No UM is present at this level in
males, but more proximally the UM wraps around the urethra of both sexes (not
shown). Abbreviations: BP, bulb of penis; CC, corpora cavernosa; IC,
ischiocavernosus; LA, levator ani; R, rectum; U, urethra; UM, urethral muscle; V,
vagina. Scale bars = 1 mm.
Ischiocavernosus: Like naked mole-rats, Damaraland and silvery molerats also have an IC that attaches to the corpus cavernosum and ischium (Figure
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5.6). This muscle, which is absent or vestigial in female rats (McKenna and
Nadelhaft, 1986), is present in both sexes of all three African mole-rat species.
However, the degree of sexual dimorphism of the IC varies by species. In naked
mole-rats, there is no significant sex difference in IC muscle volume (Peroulakis
et al., 2002; Chapters 2 and 4) and this is also true in Damaraland mole-rats (p >
0.45; Figure 5.7). Although, I did find a trend for males naked mole-rats to have
larger ICs than females in both Chapters 2 and 4. With more animals, a sex
difference in IC volume may be detected. However, the difference is not nearly
as striking as in silvery mole-rats, where the IC is about three times larger in
males than in females (p < 0.005; Figure 5.7).

Figure 5.7. Mean (± SEM) volumes of the ischiocavernosus (IC) and urethral
muscle (UM) in (A) Damaraland mole-rats and (B) silvery mole-rats. In
Damaraland mole-rats, there is no sex difference in IC volume, but males have a
larger UM than females (p < 0.04). In silvery mole-rats there is a significant sex
difference in IC volume and a nearly significant difference in the same direction
for the UM.
The volume of the IC also differs across species, both in absolute volume
and when corrected for body weight (Table 5.2). Relative IC volume is one-half
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the size in naked mole-rat males compared to the other two species (p < 0.05 for
both comparisons), which do not differ from each other on this measure (p > 0.8).
Table 5.2. Mean (± SEM) body weight, absolute IC volume, and IC volume
corrected for body weight in male naked, Damaraland, and silvery mole-rats.
BW (g)

IC volume (mm3)

IC volume / BW
(mm3/ g)

Naked mole-rats (n = 6)
Damaraland mole-rats (n = 3)

46 ± 4
154 ± 17

3.7 ± 1.0
23.6 ± 1.8

0.076 ± 0.02
0.157 ± 0.02

Silvery mole-rats (n = 4)

213 ± 25

32.9 ± 3.6

0.164 ± 0.04

1-way ANOVA

p < 0.001

p < 0.001

p < 0.04

Levator ani: Like naked mole rats, Damaraland and silvery mole-rats have
an LA muscle that loops around the rectum. Some interesting species and sex
differences in the attachment sites of this muscle are seen, however. In naked
mole-rats, the LA attaches to the corpus cavernosum in both males and females.
This is also seen for female Damaraland and female silvery mole-rats (Figure
5.6). In Damaraland mole-rat males, however, attachment sites are mixed: most
LA fibers attach to the corpus cavernosum, but others course medially. As
mentioned above, I found a small bulb of the penis in male Damaraland molerats, and, similar to what is seen in mice, rats, and other rodents, the medial LA
fibers attach to this structure (Figures 5.5, 5.6C). In silvery mole-rat males, I
identified a more prominent bulb of the penis (Figures 5.5, 5.6E) and the LA
attaches solely to this structure in males. Because of the qualitative sex
differences in LA attachment sites, I did not attempt to quantify sex differences in
LA muscle volume in Damaraland and silvery mole-rats.
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Bulbocavernosus/urethral muscle: I did not find any muscle directly
comparable to the prominent BC of rats, mice, and some other rodents in any of
the three African mole-rat species. However, in Damaraland and silvery molerats, I found a thin sheet of striated muscle that covers the distal surface of the
penile bulb. The left and right halves of this muscle are joined by a raphe. This
muscle might be a much reduced BC or a more distal portion of the LA. No such
muscle is seen in naked mole-rats.
In naked mole-rats, we previously identified a large UM that surrounds the
urethra and proximate corpus spongiosum. This muscle is also present in both
Damaraland and silvery mole-rats, although it is not nearly as prominent as in
naked mole-rats. A distal extension of the UM seems to be unique to the naked
mole-rat: in this species, the muscle runs down the penile shaft and fills the
space at the end of the corpus spongiosum which contains the penile bulb in the
other species. The UM is not sexually dimorphic in volume in naked mole-rats
(Peroulakis et al., 2002; Chapters 2 and 4). However, males have larger UMs
than females in Damaraland mole-rats (p < 0.04; Figure 5.7A) and in silvery
mole-rats (p = 0.051; Figure 5.7B), although in the latter case the p-value for the
comparison was only marginally significant.
Comparison with the mouse: Figure 5.6 presents illustrations of gross
dissections of the perineums of male Damaraland and silvery mole-rats, with a
male mouse shown for comparison. The African mole-rats have much larger IC
muscles and anal sphincters than do mice, but lack the prominent, bulbous BC
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seen in other male rodents. They instead possess a tube-like muscle
surrounding the urethra (UM is not evident in these gross dissections).

Figure 5.8. Illustrations of gross dissections of the penis and perineal muscles in
a male mouse (A), Damaraland mole-rat (B), and silvery mole-rat (C). Dorsal is
down. (A) In the mouse, the LA loops around the rectum and attaches to the
base of the penis. Attachment sites of the LA are completely obscured by the
bulbous BC, which encircles the ventral LA and also attaches to the penile bulb.
A moderately sized IC is seen. (B) Damaraland mole-rats and (C) silvery molerats lack a prominent BC, leaving the ventral LA more exposed. Both
Damaraland and silvery mole-rats possess large IC muscles and anal sphincters.
Cowper’s gland has been removed on the right side in (A) and (C). Cowper’s
gland was smaller and tucked under the LA in Damaraland mole-rats.
Abbreviations: AS, anal sphincter; BC, bulbocavernosus; IC, ischiocavernosus;
LA, levator ani. Scale bar = 500µm.
Discussion
The range of social systems within the Bathyergids afforded me the
opportunity to relate the degree of sexual differentiation to degree of sociality.
Species within this family are all endemic to Africa and are subterranean, but
social systems range from eusocial to solitary. Of the species examined here,
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the eusocial genus Heterocephalus is the phylogenetically oldest, followed by
Heliophobius; species in the genus Fukomys have evolved more recently
(Faulkes et al., 2004; Ingram et al., 2004). It is not known whether the common
ancestor for all three species was solitary or eusocial (see Bennett and Faulkes,
2000; Burda et al., 2000). With either scenario, sociality has evolved (or has
been lost) more than once within the Bathyergidae (Bennett and Faulkes, 2000).
The fact that naked and Damaraland mole-rats seem to have separately evolved
eusociality make the comparisons in the current study more dependent upon
social structure than relatedness.
Here, I found numerous differences in genital morphology among three
species within the African mole-rat family, and several of these differences
correlate with social structure. Figure 5.9 presents a schematic summary of my
main findings. On at least four measures where eusocial naked mole-rats are
sexually monomorphic, solitary silvery mole-rats exhibit sexual dimorphism.
Similar to males of other rodent species, male silvery mole-rats have a greater
phallus length and anogenital distance than do females, and there are sex
differences in perineal muscle volumes (Figure 5.9). These features are not seen
in naked mole-rats. Damaraland mole-rats resemble silvery mole-rats with
respect to sex differences in phallus length, anogenital distance, and UM volume.
However, as in naked mole-rats, the IC muscle was sexually monomorphic. My
sample sizes were small (and in Chapters 2 and 4 there were trends for larger IC
size in males), so it is possible that subtle sex differences in IC size would be
detected with the inclusion of more animals. Nonetheless, it is clear that a sex
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difference of the magnitude seen in rats and mice (which is absolute, as females
lack the muscle) or silvery mole-rats (a greater than 3-fold sex difference) is not
present. For two other features (presence or absence of the penile bulb and LA
attachment sites) Damaraland mole-rats were intermediate (Figure 5.9, and see
below for further discussion).

Figure 5.9. Schematic depicting the pattern of results for traits examined in this
study. (A) Phallus length, UM volume, IC volume, and LA attachment sites were
all sexually dimorphic in silvery mole-rats (SMR). These traits were all sexually
monomorphic in naked mole-rats (NMR). In Damaraland mole-rats (DMR), an
intermediate pattern was seen. Phallus length and UM size were dimorphic in
DMR, but IC volume was monomorphic. LA attachment sites were mixed in male
DMRs, but more similar to that of NMR. (B) Anogenital distance is sexually
dimorphic in all African mole-rats examined, but followed an opposite pattern in
naked mole-rats (F > M) as to what is seen in the other two African mole-rat
species and other rodents (M > F). The bulb of penis is present in silvery molerats, while absent in naked mole-rats. Damaraland mole-rats have a small bulb
of penis.
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Because both naked and Damaraland mole-rats are considered eusocial,
my findings indicate that the sexual monomorphism seen in naked mole-rats is
not found in all eusocial species. However, the breeding systems of naked and
Damaraland mole-rats differ in several ways. In naked mole-rats, there is a
greater degree of physiological suppression of both male and female
subordinates by the dominant female (Bennett and Faulkes, 2000; Faulkes and
Bennett, 2001) and there is low male-male competition (Clarke and Faulkes,
1998). DNA fingerprinting suggests that naked mole-rat colonies in the wild are
highly inbred (Reeve et al., 1990), despite the fact that, when given a choice,
naked mole-rats may actually prefer outbreeding (Ciszek, 2000). In contrast,
Damaraland mole-rats exhibit strict incest avoidance (Jacobs et al., 1998). Thus,
based on the lower reproductive skew, higher likelihood of dispersal, and other
parameters, Damaraland mole-rats may be considered less social than naked
mole-rats. Overall, the degree of sexual differentiation of the genitalia and
structures associated with the genitalia (silvery mole-rat > Damaraland mole-rat >
naked mole-rat) correlates inversely with the degree of sociality.
Some features previously described in naked mole-rats apply to all three
species I examined, and therefore are unlikely to be related to sociality. For
example, although silvery and Damaraland mole-rats exhibit sex differences in
anogenital distance, these sex differences are not as great as those seen in mice
and rats (Tullberg, 1899). In addition, all of the African mole-rats we studied lack
the prominent BC muscle found in males of many other mammals. The BC
rhythmically contracts during erection and ejaculation (Hart, 1972; Karacan et al.,
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1983; Sachs, 1982) and these contractions increase pressure in the corpus
spongiosum (Schmidt and Schmidt, 1993). After surgical excision of the BC and
LA, male rats can copulate, but rarely succeed in impregnating a female (Sachs,
1982). Contractions of the BC also are important for the production of penile
cups in rats, which serve to dislodge seminal plugs left by previous males and
tightly lodge the new seminal plug to the cervix after ejaculation (Hart and
Melese-D’Hospital, 1983; Sachs, 1982). Based on our own observations and
those of others (N. Bennett, personal communication), the social mole-rats do not
form copulatory plugs; whether copulatory plugs are found in solitary species
such as the silvery mole-rat is not known.
Although all of the mole-rats studied lacked a definitive BC, both males
and females of all three species possessed a UM and IC. The IC of Damaraland
and silvery mole-rats is strikingly large. In males of many mammalian species,
contractions of the IC primarily affect the corpus cavernosum penis, creating
suprasystolic pressures inside the vascular space that increase penile rigidity
(Schmidt and Schmidt, 1993). IC contractions in rats also change the angle of
the penis relative to the rest of the body, producing dorsiflexions (“flips”) of the
glans penis; surgical excision of the IC prevents “flips” and subsequent
penetration of the vagina (Sachs, 1982). It is possible that the large IC in
Damaraland and silvery mole-rats produces glans movements inside the female
during copulation. Although female rats and mice lack any IC muscle, an IC is
present in human females and serves to maintain an erect clitoris (Gray, 1918).
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There were no notable differences in corpus cavernosum morphology
among the three species, which is not surprising, as the anatomy of this structure
is very conserved across mammals. I did, however, find some interesting
variation in the corpus spongiosum among the three African mole-rat species. In
most mammals, the base of the corpus spongiosum expands to form a mass of
spongy vascular tissue called the bulb of the penis (Nickel et al., 1973); in rats,
the bulb is covered with a fibrous layer to which the BC and LA attach (Hayes,
1965). Here I report that Damaraland and silvery mole-rats possess a bulb of the
penis. The bulb is more substantial in the silvery mole-rat than it is in the
Damaraland mole-rat, even though these species are similar in body size. In our
previous studies (Peroulakis et al., 2002; Chapter 2), we were unable to identify a
bulb of the penis in naked mole-rats, similar to the observations of Hill et al.
(1957). The vascular tissue of the corpus spongiosum in naked mole-rats is
instead surrounded by a distal extension of the UM which fills the space that
contains the penile bulb in silvery and Damaraland mole-rats. The function of the
UM is unknown, but it is possible that UM contractions during ejaculation could
create pressure waves in the corpus spongiosum vascular space to move semen
through the urethra, thereby compensating for the absent BC.
Thus, presence of the penile bulb correlates with sociality: no visible bulb
in naked mole-rats, a small bulb in Damaraland mole-rats, and a larger bulb in
solitary silvery mole-rats. LA attachment sites in the three mole-rat species also
follow this pattern. In rats, the LA attaches to the bulb of the penis in males,
while the tiny remnant of an LA that is present in females has no well-defined
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attachment point (Čihák et al., 1970; Hayes, 1965). We previously reported that
both male and female naked mole-rats have a substantial LA that attaches
exclusively to the corpus cavernosum (Peroulakis et al., 2002). I also find a
substantial LA in Damaraland and silvery mole-rats of both sexes. In females of
both of these species, the LA attaches to the corpus cavernosum, as in naked
mole-rats. However, the LA of silvery mole-rat males attaches exclusively to the
bulb of the penis. LA attachment sites are intermediate in male Damaraland
mole-rats, with most LA fibers attaching to the corpus cavernosum, but about a
third projecting to the bulb of the penis. Thus, attachment sites are completely
sexually dimorphic for silvery mole-rats, monomorphic in naked mole-rats, and
mixed in Damaraland mole-rats. Čihák et al., (1970) suggest that the LA
develops from the same blastema as the IC. This may suggest an explanation
for why the LA attaches to the corpus cavernosum (as the IC does) in naked and
Damaraland mole-rat males and females and silvery mole-rat females.
Darwin predicted that sexual dimorphism would occur when one sex
competes for access to the other sex (Darwin, 1871). I propose that pronounced
sex differences in the genitalia and perineal muscles may not be required in
eusocial species in which most individuals will never become reproductive or
engage in attempts to breed. In addition, sex differences may not be necessary
when there is little or no male-male competition. Males in a naked mole-rat
colony are closely related to each other (Reeve et al., 1990) and once a male
becomes a breeder, he is probably a breeder for life. In addition, the breeding
female in naked and Damaraland mole-rat colonies is thought to choose the
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male(s) with which she will mate (Faulkes et al., 1994; Jarvis, 1991). Thus, there
is little occasion for competition between males. Silvery mole-rats may exhibit
multiple-male paternity (Patzenhauerova et al., submitted), so it is possible that
strong erections and the ability to remove a previous male’s sperm plug may be
relevant to reproductive success in this species.
A similar argument may be made for dimorphisms in other features.
Several authors have argued for a connection between social system and degree
of sexual dimorphism in overall body size in mammals or ornamentation in birds
(e.g., Boonstra et al., 1993). In addition, it was recently noted that naked molerats also lack sex differences in regions of the brain that are sexually dimorphic in
other mammals (Holmes et al., 2007). Similarly, in voles, the sexually dimorphic
nucleus of the preoptic area and anteroventral periventricular nucleus of the
hypothalamus are less sexually dimorphic in monogamous than in polygamous
species (Shapiro et al., 1991). Thus, it is possible that sexual differentiation of
the brain (and, by extension, behavior) is related to social structure in a manner
similar to what is found for the genitalia.
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CHAPTER 6
GENERAL DISCUSSION
Virtually all previous work on sexual differentiation of the nervous system
has focused on relatively non-social lab species, in which direct reproduction is
the only means of passing on one’s genes. In cooperatively breeding species,
some individuals forgo or delay reproduction to assist in the rearing of
genetically-related offspring. Consequently, one might expect differences in the
cellular mechanisms, pattern, or timing of sexual development among species
with these different strategies. In this dissertation, I examined the levels of
sexual differentiation in the naked mole-rat, a species that has been described as
the “most social” mammal.

Lack of sex differences in naked mole-rats
The striated perineal muscles and innervating motoneurons are sexually
dimorphic in every other mammal examined. In all species studied, males
consistently have more and/or larger perineal motoneurons than do females, and
the target muscles are absent or remarkably reduced in size in females
(Breedlove and Arnold, 1980; Forger and Breedlove, 1986; Wagner and
Clemens, 1989; Freeman and Breedlove, 1995; Ulibarri et al., 1995; Forger et al.,
1996a). Previous work in the Forger lab found a lack of sex differences in this
neuromuscular system in subordinate naked mole-rats (Peroulakis et al., 2002).
The external genitalia are also relatively monomorphic (Jarvis, 1981; Peroulakis
et al., 2002). In Chapter 2 of this dissertation, I examined perineal muscles and
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motoneurons in male and female subordinate and breeding naked mole-rats. I
originally hypothesized that sexual differentiation of this system is “on hold” in
subordinate naked mole-rats and is only triggered when an animal becomes a
breeder. Based on this hypothesis, I predicted that male breeders would have
more and/or larger motoneurons as well as larger perineal muscles than female
breeders. This could be due to a gain of motoneurons in males or a loss in
females. My original hypothesis was not supported. Instead, I found a lack of
sex differences in subordinates as well as breeders. Surprisingly, I found an
effect of reproductive status, with breeders of both sexes having larger cells in
Onuf’s nucleus and larger perineal muscles than subordinates. My findings are
similar to those of Melissa Holmes in the Forger lab who examined several brain
regions that are sexually dimorphic in other species and found a lack of sex
differences in both subordinate and breeding naked mole-rats. Similar to my
findings on the perineal muscles and motoneurons, she found an effect of
breeding status, with breeders having more cells and/or larger volumes in these
brain regions (Holmes et al., 2007). Thus, social status, rather than sex, appears
to be a more important cue for determining neural morphology and anatomy in
naked mole-rats. This raises the question of what causes the lack of sex
differences, both proximately and ultimately.

Proximate causes for sex differences
Sexual differentiation of the external genitalia is due to differential perinatal
hormone levels in other species. Specifically, testosterone secreted from the
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testes is converted to dihydrotestosterone at target tissues. This
dihydrotestosterone in turn masculinizes the male external genitalia (reviewed by
Wilson et al., 1980). Many sex differences in the nervous system are also
organized by perinatal hormone levels (reviewed by Cooke et al., 1998 and
Sengelaub and Forger, 2008). In rats and mice, there are two organizing
testosterone surges, one just before birth (Weisz and Ward, 1980) and one on
the day of birth (Corbier et al., 1978). Sex differences in guinea pigs are
organized by prenatal differences in testosterone (Phoenix et al., 1959), although
the surge in testosterone probably occurs at a similar developmental stage as in
rats because guinea pigs have a much longer gestation length (MacLusky and
Naftolin, 1981). Since adult naked mole-rats lack sex differences in the external
genitalia and regions of the nervous system that are sexually dimorphic in other
mammals, it is possible that perinatal hormone levels do not differ between males
and females. This could be due to a lack of a perinatal surge in testosterone in
males or presence of a surge in both males and females during a critical period
for sexual differentiation. Either condition would result in adult naked mole-rats
without organized sex differences (similar to what we found). Naked mole-rat
males presumably have at least one prenatal testosterone surge since the
internal genitalia are sexually differentiated. However, the external genitalia and
nervous system differentiate later (cite), so it may be this later surge that is
missing.
Examination of perinatal hormone levels in males and females would help
test these hypotheses. One problem would be choosing the time point(s) at
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which to measure hormone levels to test for a later increase in testosterone. I
suspect that the period for organizing sex differences in naked mole-rats might
be prenatal since gestation is approximately 66-74 days, similar to guinea pigs
(Bennett and Faulkes, 2000). Bruce Goldman injected pregnant female
Damaraland mole-rats with testosterone several times during the second half of
pregnancy. Damaraland mole-rats also have a relatively long gestational length,
approximately 78-92 days (Bennett and Faulkes, 2000). The genitalia of the
female offspring of these testosterone-injected dams were completely
masculinized. In fact, it was not until these animals were sacrificed and the
gonads were examined that they could correctly be sexed as female. I examined
the perineal muscles in these females prenatally treated with testosterone and
also found masculinization of the UM (Seney and Goldman, unpublished
observations). Thus, the period for organizing sex differences in naked mole-rats
may also be prenatal.
Alternatively, males might have higher perinatal testosterone levels than
females, but the perineal muscles (the site of androgen action for organization of
this neuromuscular system) could be unresponsive to testosterone (i.e. lack
hormone receptors). This could be tested by examining hormone receptor
expression levels with immunohistochemistry in developing naked mole-rats.
Again, we currently do not have enough information to choose a developmental
time point to test for hormone receptor differences.
Evolutionarily speaking, the potential loss of a developmental testosterone
surge in male naked mole-rats (or gain of one in females) would have effects on
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all tissue in the body. On the other hand, naked mole-rats could have
sequentially lost androgen receptor expression in selected tissue types. This
might be a more plausible explanation for the evolution of the lack of sex
differences in naked mole-rats since it would involve only selected tissue types.
However, the overall lack of sex differences in naked mole-rats might argue for a
complete loss of a testosterone surge in males (or gain in females) at some point
in development.
In rats and mice, males and females possess perineal muscles and similar
numbers of motoneurons prenatally. The perineal neuromuscular system,
however, degenerates in females unless they are treated with androgens around
the time of birth (Čihák et al., 1970; Breedlove and Arnold, 1983b; Nordeen et al.,
1985; Jacob et al., 2008). In mice and rats, sex differences in this system are
due to death of the muscles and motoneurons in females during perinatal life
(Nordeen et al., 1985; Jacob et al., 2005; Jacob et al., 2008). The fact that I did
not see sex differences in the number of motoneurons in Onuf’s nucleus or the
size of the perineal muscles implies that male and female naked mole-rats do not
undergo differential cell death during development (at least for the perineal
muscles and motoneurons). Future studies could examine the number of dying
cells in the perineal muscles and motoneurons of male and female naked molerats during development to see if levels of cell death do not differ between the
sexes. As explained above, selecting a time-point in which to examine cell death
would be difficult.
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Ultimate causes for sex differences
It is also of interest to consider the ultimate causes for the lack of sex differences
in naked mole-rats. Evolutionarily speaking, sex differences seem to have
evolved to support the different reproductive strategies of the sexes. Since most
naked mole-rats will remain subordinates for their entire lives and never
reproduce, it is possible that sex differences are not necessary, especially since
male and female subordinates exhibit the same behaviors at the same levels
(Lacey and Sherman, 1991). Therefore, sex differences may not be adaptive in
naked mole-rats and could even interfere with colonial duties. To test the
hypothesis that the lack of sex differences in naked mole-rats is related to their
eusociality, I compared naked mole-rats to two other African mole-rat species of
varying social structure in Chapter 5. I found that the level of sexual
differentiation of the genitalia and perineal muscles relates to social structure and
mating system. Specifically, the level of reproductive skew may influence the
level of sexual differentiation. The solitary silvery mole-rat has the least
reproductive skew of the three species I examined, and the most sexual
differentiation. At the other extreme is the naked mole-rat, exhibiting the highest
reproductive skew and little sexual differentiation. Damaraland mole-rats,
although considered eusocial, were intermediate for both reproductive skew and
sex differences.
The lack of sex differences in naked mole-rats leads me to wonder
whether females are masculinized or males are feminized. Some characteristics
imply that females are masculinized. In other rodents, females either lack the

104

BC, IC, and LA, or these muscles are vestigial (Čihák et al., 1970). Thus, the
presence of relatively large perineal muscles in female naked mole-rats could
indicate masculinization. However, perineal muscles were seen in all the African
mole-rats examined. On the other hand, the external genitalia in male naked
mole-rats are highly feminized. Males of other rodent species as well as the two
other African mole-rats studied in Chapter 5 have longer anogenital distances
and phallus lengths than females. But this is not seen in naked mole-rats, as
male anogenital distances are female-like and the penis is very small. In fact, I
found that anogenital distance is slightly longer in females than males, a pattern
opposite to what is seen in other species.
There are several examples of species in which the females are relatively
masculinized. Possibly the best example is the spotted hyena. Female spotted
hyenas have highly masculinized genitalia; the fully erectile clitoris is highly
elongated and is almost indistinguishable from the male penis, and the labia are
fused to form a pseudoscrotum (Watson, 1877; Matthew, 1939). Female spotted
hyenas are also more aggressive than males and the social system is female
dominated. Since prenatal androgens serve to organize aggressive behavior in
female mammals, it is possible that the genitalia is masculinized in female
spotted hyenas as a byproduct of this prenatal androgen exposure (Frank, 1997;
Browne et al., 2006), although, recent studies suggest that the development of
some characteristics of the masculinized clitoris are androgen-independent
(reviewed by Glickman et al., 2006). Female ring-tailed lemurs also have female
social dominance over males which is accompanied by masculinized genitalia
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(Jolly, 1966; Drea and Weil, 2008). Again, early androgen exposure to organize
female aggressive behavior could have resulted in masculinized female genitalia
in ring-tailed lemurs. Thus, the masculinization of some perineal structures in
female naked mole-rats could also be due to their female dominated social
structure.
Female talpid moles have masculinized genitalia which may be a result of
androgens secreted by the female ovotestes (Whitworth et al., 1999). These
ovotestes function as ovaries during the breeding season and as testes in the
non-breeding season. The interstitial portion of the ovotestis secretes
testosterone during the non-breeding season which may be necessary for
females to defend and expand their territories (Whitworth et al., 1999). These
elevated testosterone levels could also have effects on female genitalia.
Whether androgen secretions from the prenatal ovotestis serve to masculinize
female genitalia early in development remains unknown.
There are also examples of species in which the males appear less
virilized. Mountain gorillas are one such species. Even though mountain gorillas
are the largest of the Great Apes, the male genitalia are remarkably small. In
fact, the mountain gorilla penis is practically invisible and mostly covered by hair.
A fully erect penis is only 3 cm long (Short, 1979). Since the mountain gorilla
penis is not visible, it does not seem to play a role in attracting the female. The
small penis size in mountain gorillas is thought to be tied to social structure. The
relatively infrequent copulations within stable groups of mountain gorillas are
always female-initiated and only occur with the most dominant male in the group,
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the silverback. Therefore, there is little sperm competition in mountain gorillas.
A larger penis seems to be more important in species where there are high levels
of competition between males for the chance to mate with females. In several
respects, mountain gorillas are similar to naked mole-rats. Copulation in naked
mole-rats is infrequent, initiated by the breeding female, and only occurs with the
few breeding males (i.e. there is little male-male competition). Thus, the genitalia
in male naked mole-rats and mountain gorillas may be feminized for similar
reasons.

Reproductive status effects on perineal muscles and motoneurons
There are several differences in perineal muscles and motoneurons
between subordinate and breeder naked mole-rats. Since animals were
randomly assigned to become a breeder and every breeder used to be a
subordinate, I can infer that the perineal muscles and cells in Onuf’s nucleus
change when an animal becomes a breeder. In Chapter 3, I found that
examining the percent of small cells in Onuf’s nucleus is the best indicator of
changes in breeding status, as subordinates consistently have a higher
percentage of these cells than breeders. Changes could be due to several
factors. In Chapter 4, I aimed to determine which cues could be triggering the
changes in muscles and small cells by comparing subordinates, paired animals
that had not produced litters, intact breeders that had produced but not raised
litters, and gonadectomized breeders in order to test several hypotheses about
what could be causing the redistribution of cell size. I found a decrease in the
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percent small cells in paired animals whether or not they had ever produced
litters. This suggests at least two possible triggers for the decrease in the
percent of small cells in Onuf’s nucleus: 1) removal of an animal from the natal
colony and/or 2) pairing with an opposite sex mate.
These two possibilities could be distinguished by removing animals from
the natal colony and housing them singly. If these animals had a significant
decrease in the percent of small cells or changes in brain regions seen
previously by Holmes et al. (2007), it could be concluded that removal from the
natal colony is sufficient. Many researchers have suggested that the queen
naked mole-rat keeps subordinates reproductively suppressed, although the
mechanism of suppression is unclear. One possibility is that the queen
behaviorally intimidates subordinates in her colony (Reeve and Sherman, 1991).
It is also possible that a urinary pheromone from the natal colony serves to keep
subordinates suppressed. However, the two studies that have examined this
were unable to reveal a role of urinary pheromones in reproductive suppression.
Faulkes and Abbott (1993) removed animals from the natal colony, housed them
singly or in pairs, and exposed them daily to soiled bedding from the natal colony.
Exposure to colony smells through soiled bedding did not keep these separated
animals reproductively suppressed. Another study examined a possible role for
physical contact with members of the natal colony in separated animals, but
again, these animals did not remain reproductively suppressed (Smith et al.,
1997). However, this leaves open the possibility that another chemical cue from
the colony could be involved in reproductive suppression. This could be tested
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by rendering subordinates anosmic while still in the natal colony. If these animals
show breeder-like changes, it could be concluded that a colony scent keeps
subordinates reproductively suppressed.
If singly housed animals or anosmic subordinates do not show breederlike changes in Onuf’s nucleus, pairing could be the essential cue. Genital
nuzzling is a behavior performed almost exclusively by breeding pairs. It is a
very intense and stereotyped behavior in which one or both animals often fall to
their sides to allow the other animal to nuzzle its genitals; this behavior can last
for several seconds (Goldman et al., 2006). Interestingly, Moore et al. (1992)
found that maternal anogenital licking of pups affects adult number of SNB
motoneurons of male offspring. More recently, Lenz and Sengelaub (2006) found
that maternal anogenital licking during postnatal development also affects the
size and dendritic arborization of SNB motoneurons in adult animals. In another
recent study, Lenz et al. (2008) reared pups in isolation and provided varying
levels of tactile stimulation (with a paint brush) of the anogenital region. They
found that the level of tactile stimulation affects SNB motoneuron size and
dendritic arbor (Lenz et al., 2008) possibly by influencing perineal sensory
afferent activity (Lenz and Senglaub, 2009). These experiments provide
evidence that stimulation of the genital region during development can affect the
size of perineal motoneurons, although whether this also happens in adults is
unknown. Additionally, it is not known whether paired animals that have not
produced litters exhibit genital nuzzling. If so, it is possible that the genital
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nuzzling exhibited by paired naked mole-rats could affect the size of cells in
Onuf’s nucleus, possibly by influencing perineal sensory afferent activity.
This could be tested by providing genital stimulation several times a day to
subordinates while they are still in the natal colony. One problem with such an
experiment would be if there were negative results: one could not rule out that
there was not enough genital stimulation. Another experiment could involve
rendering animals anosmic before pairing, with the hope that this would prevent
genital nuzzling. If these paired animals do not nuzzle and do not show the
breeder-like decrease in percent of small cells, this would support my proposal
that genital nuzzling could trigger a reduction in small cells in Onuf’s nucleus.
This could also explain why the gonads are not necessary to maintain changes in
Onuf’s nucleus, since gonadectomized breeders continue to show genital
nuzzling after gonadectomy (Goldman et al., 2006). Most paired animals
presumably show sex behavior, which may also be an important trigger. It might
be possible to separate nuzzling from sex behavior in paired animals by studying
same-sex pairs. If these pairs nuzzle (and do not show sex behavior), and the
percent of small cells decreases, it could be concluded that nuzzling is the
important cue.
In Chapter 2, I hypothesized that changes in the cells in Onuf’s nucleus
might be triggered by the increases seen in the perineal muscles of breeders.
Although pairing is sufficient to cause a decrease in the percent of small cells in
Onuf’s nucleus, the production of litters is necessary to cause volume increases
in perineal muscles (IC in males and females; LA in females only). Therefore, the
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decrease in percent of small cells in Onuf’s nucleus can occur in the absence of
size increases in perineal muscles and my hypothesis is not supported. It is also
possible that copulation, pregnancy, or parturition could trigger size increases in
the IC and LA and that this is independent of the innervating motoneurons.
The gonads are not necessary to maintain any of the changes I found in
Onuf’s nucleus or the perineal muscles. This implies that once the changes
occur, they are not reversible. If so, this might be considered a late
organizational period for the development of Onuf’s nucleus and the perineal
muscles. A separate question is whether the gonads are required to trigger
decreases in small cell percent or increases in perineal muscle size in the first
place, since all animals were gonadally intact when they were paired. The
gonads seem to be required for muscle volume increases, at least indirectly,
since the production of pups is necessary. The requirement of the gonads for
changes in Onuf’s nucleus could be tested by gonadectomizing subordinates
prior to pairing with opposite sex mates. If these gonadectomized paired animals
still exhibit a decrease in the percent of small cells in Onuf’s nucleus, then the
gonads are not necessary to elicit breeder-like changes. Alternatively, if
gonadectomy prior to pairing prevents breeder-like percentage of small cells, the
gonads would be required to elicit changes. Again, this could be a direct effect of
hormones acting on motoneurons or an indirect effect of hormones (i.e.
hormones changing some behavior, such as nuzzling, which in turn affects the
motoneurons).
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In conclusion, naked mole-rats have a relative lack of sex differences in
perineal muscles and motoneurons as well as in the external genitalia.
Continued work is necessary to determine the proximate causes of the lack of
sex differences in naked mole-rats. Evolutionarily, it appears as though the lack
of sex differences in muscles and genitalia may be due to their unusual social
structure or mating system. The perineal motoneurons have not yet been
examined in any African mole-rat other than naked mole-rats, so it remains to be
seen whether sex differences in motoneuron number or size are also tied to
social structure. Social cues seem to play an important role in determining the
size of perineal muscles and motoneurons as well as particular brain regions in
naked mole-rats. The transition to becoming a breeder seems to be a late
organizational period in naked mole-rats, as the gonads are not necessary to
maintain any of these observed changes. Interestingly, the increase in size of
perineal muscles and motoneurons appear to be triggered by different aspects of
being a breeder (pairing or having pups). A similar pattern was found in the
brain, where there is an increase in volume in the paraventricular nucleus of the
hypothalamus in all paired animals, while the increase in volume in the bed
nucleus of the stria terminalis may require production of litters (Holmes,
unpublished). These studies support the view that sexual differentiation may
follow different rules in cooperatively breeding species and open the door for
further understanding of the developmental and evolutionary processes that lead
to diversity in reproductive development and the degree of sexual dimorphism
across all species.
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